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FOREWORD 


The  Institute  of  Metals  Division  (IMD) 
of  the  American  Institute  of  Mining,  Met¬ 
allurgical,  and  Petroleum  Engineers  (AIME) 
and  ^e  AF  Materials  Laboratory,  Research 
and  Technology  Division,  Air  Force  Systems 
Command,  Wrig^t-Patterson  Air  Force  Base, 
Ohio,  conducted  a  symposlxun  on  the  Oxi¬ 
dation  of  Tungsten  and  Other  Refractory 
Metals  during  ^e  1962  Fall  Meeting  of  the 
Metallurgical  Society  of  the  AIME.  The 
symposium,  consisting  of  two  sessions,  was 
held  31  October  1962  at  the  Statler -Hilton 
Hotel,  New  York  City,  Dr,  E.  A,  GiUbransen, 
Westing^ouse  Electric  Corporation,  was  the 
overall  Chairman  and  Mr,  Paul  L.  Faust 
of  the  Physical  Metallurgy  Branch,  AF 
Materials  Laboratory,  was  the  Symposium 
Project  Manager  for  the  Air  Force,  The 
symposium  together  with  this  report  cover¬ 
ing  its  proceedings  was  initiated  under  Pro¬ 
ject  No,  7312,  ‘'Metal  Surface  Protection 
and  Deterioration,”  Task  No,  731202,  "Metal 
Surface  Deterioration,”  The  manuscript  was 
released  by  the  author  1  February  1965 
for  publication  as  an  RTD  technical  report. 


Nine  papers  were  presented,  elg^t  of 
which  are  included  in  this  report.  The  paper 
given  by  Dr,  I’.,  F,  Walker,  National  Bureau 
of  Standards,  on  the  subject  "T  .<chnlques 
for  Studying  Solid-Gas  Reactions  Above 
1C00*C”  was  not  available  for  publication, 

Mr.  Faust  and  personnel  of  the  AF 
Materials  Laboratory  extend  their  thanks  to 
the  speakers  for  their  excellent  presentations 
and  the  members  of  the  Corrosion  Resistant 
Materials  Committee  of  the  IMD  for  their 
assistance  in  arranging  the  symposium.  They 
particularly  wish  to  express  ^eir  gratitude  to 
Dr,  Gulbransen  for  his  assistance  In  pro¬ 
moting  the  need  for  this  meeting. 

Publication  of  this  technical  documentary 
report  does  not  constitute  Air  Force  approval 
of  the  report’s  findings  or  conclusions.  It 
is  published  only  for  the  exchange  and 
stimulation  of  ideas. 

This  technical  report  has  been  reviewed 
and  is  approved, 

O,  O.  SRP,  Acting  Chief 
Physical  Metallurgy  Branch 
Metals  and  Ceraunics  Division 
Air  Force  Materials  Laboratory 
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ABSTRACT 


This  report  consists  of  eig^t  papers 
presented  at  a  symposium  conducted 
by  the  AIME  and  the  AF  Materials 
Laboratoryi  Research  and  Technology 
Divlslon»  Wrl^t-Patterson  Air  Force 
Base»  Ohio,  on  the  Oxidation  of  Tungsten 
and  Other  Refractory  Metals.  The 


symposium,  consisting  of  two  sessions, 
was  held  31  October  1962  in  New  York 
City.  Topics  discussed  included  progress 
in  research  and  in  experimental  methods 
in  the  investigation  of  the  kinetics  and 
mechanisms  of  oxidation  of  tungsten, 
tantalum,  and  columblum. 


Ill 
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INTRODUCTORY  REMARKS 
Paul  L.  Foust 


Since  World  War  II  metallurgical  research 
at  the  AF  Materials  Laboratory  has  been 
largely  a  history  of  development  of  corrosion 
resistant  alloys.  Although  the  Intent  of  much 
of  the  effort  expended  has  been  to  produce 
materials  of  superior  mechanical  properties 
at  elevated  temperatures,  the  realities  of 
environment  have  demanded  compromises.  In 
spite  of  the  compromises  a  good  measure 
of  success  has  been  realized  with  the  so- 
called  superalloys,  and  oxidation  resistant 
compositions  with  excellent  mechanical  prop¬ 
erties  have  been  achieved  at  temperatures 
approaching  the  melting  point  of  the  base 
m^aU  Wi^  the  refractory  metals  such 
compromises  have  not  been  so  successful. 
Those  additives  v^ch  benefit  the  oxidation 
resistance  of  the  matrix  metal  have  a  dis¬ 
astrous  effect  on  mechanical  properties. 
Compromises  have  been  made,  of  course. 
0-38,  for  instance,  a  columbium-titanium- 
ziroonlum  alloy  has  neither  good  oxidation 
resistance  nor  Impressive  mechanical  prop¬ 
erties  at  elevated  temperatures.  It  does 
''  cept  a  slUclde  coating  rather  well,  however, 
and  should  find  application  if^ere  ductility 
and  the  short  term  oxidation  resistance  af¬ 
forded  by  siliclding  are  more  important 
than  strength.  But  no  refractory  m^l  alloy 
has  demonstrated  properties  at  a  hig^  fraction 
of  matrix  melting  point  which  even  ai^roach 
the  excellent  co^ination  of  mechanical  and 
chemical  properties  of  the  superalloys  at 
1600*  to  2000*F.  Alloy  design  becomes  a 
dilemma,  particularly  in  the  cases  of  tan¬ 
talum  and  tungsten  where  density  consid¬ 
erations  preclude  use  at  temperatures  much 
below  3000*F.  The  heavy  additions  of  alu¬ 
minum,  zirconium,  chromium  or  other  re¬ 
active  metals  indicated  for  oxidation  pro¬ 
tection  so  depress  the  melting  point  that 
the  alloy  is  mechanically  worthless. 

Despite  the  obvious  difficulties  involved 
in  their  use,  mechanical  properties,  par¬ 
ticularly  hig^  strength-to-welg^t  ratios  at 
extreme  temperatures,  indicate  a  rather 
broad  use  of  the  refractory  metals  and  their 
alloys  in  Air  Force  systems  and  ultimately 


in  conomerclal  applications.  Use  of  a  co- 
lumblum  in  place  of  a  nickel-based  alloy 
for  Jet  engine  turbine  blades  for  instance 
would  permit  an  Increase  in  turbine  inlet 
temperature  of  about  400*F.  Improvements 
in  maximum  thrust  and  fuel  consumption 
realized  thus  would  far  outweigh  the  dis¬ 
advantages  of  increased  engine  weight. 

Incorporation  of  molybdenum  and  colum- 
bium  alloys  into  re-entry  vehicles  for  frontal 
and  near  frontal  structures  will  permit 
the  development  of  glide  re-entry  vehicles 
with  a  minimum  of  expendable  structure. 

If  any  such  applications  are  to  be  used, 
however,  catastrophic  oxidation  must  be 
avoided.  Until  recently,  except  for  silicide 
type  coatings,  there  has  been  no  process 
for  the  protection  of  refractory  metals, 
and  the  sillcldes  leave  a  gpreat  deal  to  be 
desired. 

Current  coatings  for  molybdenum  permit 
perhaps  30  mlmEes  of  operation  at  tem¬ 
peratures  above  2000*F.  Sllloides  forcolum- 
bium  and  tantalum  have  been  even  less 
successful.  And  then  there  is  tungsten. 
Silicide  coatings  of  tungsten  fail  at  about 
3300*F,  the  approximate  lower  limit  of 
utility  of  tungsten  on  a  strength-to-wei^t 
basis.  There  are  new  protective  processes 
being  developed  for  the  refractory  metals; 
but  thus  far  they  have  not  materialized. 

We  see  then  that  the  refractory  metals 
and  their  alloys  have  mechanical  properties 
which  render  them  irreplaceable  ai  extreme 
temperatures  combined  with  oxidation  rates 
ubich  render  them  useless  for  most  ap¬ 
plications  of  interest  to  the  Air  Force. 

Because  the  problems  are  so  acute  and  the 
solutions  so  desirable,  it  was  decided  several 
years  ago  to  undertndce  detailed  studies  of 
the  Idnetios  and  mechanisms  of  refractory 
metal  oxidatioii.  The  Intention  has  been  to 
provide  insig^s  into  probable  methods  of 
protection  and  to  establish  actual  oxidation 
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range  of  temperatures  and  pressures 
of  oxygen  and  other  oxidizing  vapors. 

Many  investigations  have  contributed 
to  the  body  of  data  on  refractory  metal 
oxidation  independently  of  Air  Force 


support.  It  is  cefiainly  tine,  however, 
that  the  burden  of  establishing  a  co¬ 
herent  picture  has  fallen  to  researchers 
under  AF  Materials  Laboratory  spon¬ 
sorship.  The  palmers  which  follow  rep¬ 
resent  a  measure  of  how  far  the 
effort  has  progressed  and  how  far  It 
has  to  go. 
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METHODS  FOR  STUDYING  HIGH  TEMPERATURE 
OXiOATfON  REACTIONS 

Rudolph  Spelser* 

G.  R.  St.Plerre* 


INTRODUCTION 

The  refractozy  metals  react  with  the 
components  of  the  atmosphere:  O^,  N  » 
CO  ,  and  H  O  vapor;  and  with  the  products 
of  Fuel  combustion  to  form  oxides*  nitrides, 
and  carbides.  The  chemical  equilibrium 
between  the  metals  and  the  reactants  deter¬ 
mine  what  compounds  and  phases  can  be 
formed  while  the  rate  at  which  these  re¬ 
actions  occur  Is  determined  by  the  details 
of  the  kinetics  of  reaction.  The  conditions 
under  which  the  reactions  are  usually  ex¬ 
perimentally  observed  are  such  as  to  make 
them  quite  irreversible  resulting  In  complex 
heterogeneous  systems. 


The  reaction  starts  Initially  at  the  metal- 
gas  interface  and  as  the  reaction  proceeds 
one  or  more  layers  of  compoimds  may  be 
Interposed  between  the  gaseous  environment 
and  the  metal  substrate.  The  products  of 
reaction  may  be  solid,  liquid,  or  gaseous. 
The  nature  and  character  of  the  films  formed 
on  the  metal  surface  determine  the  rate  of 
transfer  of  reactants  and  products  between 
the  metal  substrate  and  the  gaseous  environ¬ 
ment. 

To  determine  and  comprehend  the  mecha¬ 
nism  of  reaction,  the  pertinent  chemical 
equilibria  and  the  reaction  kinetics  miist 
be  studied.  In  this  review,  we  are  oonoemed 
principally  with  the  techniques  used  to  study 
the  oiddatlon  of  the  refractory  metals  Mo, 
W,  Nb,  and  Ta.  Techniques  used  to  deter¬ 
mine  the  metal-oxygen  phase  equilibria,  the 
rates  of  oxidation,  the  defect  structure  of 
the  oxides,  and  the  volatile  products  of 
oxidation  are  discussed. 


METAL-OX\GEN  EQUILIBRIA 

For  the  most  part,  the  oxidation  of  the 
refractory  metals  has  been  studied  at  pres¬ 
sures  of  oxygen  In  considerable  excess  of  the 
decomposition  pressure  of  the  least  stable 
oxide,  i.e.,  the  hipest  oxide  (the  metal  ion 
in  its  hipest  valence  state).  Thus,  the 
chemical  potential  of  oxygen  varies  from 
values  in  excess  of  that  required  to  form 
the  metal  oxide  with  the  metal  ion  in  Its 
maximum  valence  state,  at  the  oxide-gas 
interface,  to  zero  corresponding  to  the  pure 
metal  substrate.  Hence,  multilayered  oxide 
scales  are  formed  upon  the  metal  surface 
making  It  difficult  to  ascertain  the  mechanism 
of  oxidation  due  to  the  complexity  of  fiie 
system  being  studied.  It  is  desirable  to  con¬ 
trol  and  maintain  the  partial  pressure  of 
oxygen  so  that  the  several  oxides  of  a  metal 
can  be  separately  formed  and  investigated. 
However,  this  goal  requires  a  technique 
where  pressures  of  oxygen  in  fiie  range 
of  lO*^  atmospheres  or  less  are  accurately 
defined,  maintained,  and  controlled.  Direct 
oxidation  with  O.  gas  at  ttiese  pressures 
is  nearly  impcssmle  to  achieve  experimen¬ 
tally;  the  most  sophistloated  vacuum  pumping 
systems  can  barely  attain  this  pressure,  fiie 
slightest  leak  or  gaseous  desorption  from 
the  interior  surface  of  the  rerction  vessel 
would  raise  the  pressure  several  orders  of 
magnitude. 

Partial  pressures  of  O  ’n  this  range 
can  be  obtained  in  cerie^  Instances  by 
use  of  gas-metal  equilibria  (References  1, 
2,  and  3)  of  the  type, 

xM  +  yHgO  =  Oy  +yH,  (I  ) 


^Department  of  Metallurgy,  The  Ohio  State  University,  Columbus,  Ohla 
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ondi 

XM  T  y  COg  =  fvi^  Oy  4yC0  {2) 

In  this  method  the  composition  of  mixtures 
of  H^O-Hg  or  COg-CO  is  adjusted  over 
the  metal  at  a  given  temperature  so  that 
the  equilibrium  composition  is  obtained* 

The  equilibrium  decomposition  pressures 
of  the  oxides  of  the  refractory  metals  are 
tabulated  in  Table  1  for  the  refractory 
metal  oxides*  It  can  be  seen  that  MoO, 
and  WO,  are  easily  reducible  whereas  Nb^Og 
and  Ta  O.  are  reduced  only  with  diMculty 
even  af  elevated  temperatures  with  HgO-H 
and  COg-CO  mixtures*  Moreover,  except 
at  temperatures  in  excess  of  2000*K,  very 
hlj^  ratios  of  H  -HgO  and  CO-COg  are 
required  to  obtain  me  equilibria  represented 
by  Equations  1  and  2  in  the  case  of  Nb  and 
Ta*  The  suboxides  of  these  elements  require 
even  hl^er  ratios*  Thus,  the  phase  equilibria 
for  the  Mo-0  and  W-O  can  be  conveniently 
determined  by  equilibrating  H  O-H  and 
CO  -CO  mixtures  with  these  metals  ana  their 
oxides,  whereas  equilibration  of  these  gase¬ 
ous  mixtures  with  Nb  and  Ta  would  be  very 


difucult  to  carry  out  experimentally*  Fur¬ 
thermore,  perusal  of  the  data  in  Table  1 
shows,  that  in  the  case  of  W,  the  ratios, 
Hg-HgO  and  CO-COg,  are  near  xmlty  over 
a  temperatiire  range  of  1000*K  and  likewise 
in  the  case  of  Mo  over  a  somewhat  shorter 
range*  However,  these  ratios  differ  greatly 
from  unity  in  the  case  of  Nb  and  Ta,  This 
means  that  the  equllibruting  gas  mixtures 
over  Mo  and  W  behave  like  buffered  sys¬ 
tems;  small  leaks  or  back  diffusion  of  air 
into  the  apparatus,  cause  little  change  in 
the  Pjj  -Pjj  Q  or  CO-COg  ratios*.  U^or- 

tunately,  the  opposite  is  true  in  the  case 
of  Nb  and  Ta. 


In  summary,  the  gas-metal  equilibration 
according  to  Equations  1  and  2  can  be 
successfully  applied  to  Mo  and  W  to  deter¬ 
mine  the  Mo-O  and  W-O  phase  equilibria 
and  the  thermodynamics,  but  only  in  a 
limited  fashion  to  the  Nb-O  system*  Several 
investigators  have  applied  this  technique 
to  tungsten  (References  4,  5,  and  6),  molyb¬ 
denum  (References  12  and  13) ,  and  niobium 
(Reference  62), 


*This  statement  can  be  easily  demonstrated} 

A(Ph  /p  , .  -PH;  IPH;0  -PPh, 

“z'  HgO  _  ?  ~  _  9 


HgO 


HgO 


since 


2  S 


ZAP 

—  «0,  if  Ph^o  »ap. 


>>  th©n 


AP>>0.if  P„^o«»AP. 
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Description  of  Gas-Metai  Equilibration 

- 

1.  \JLVO19X01iU0  “X) 

In  the  case  of  W»  the  specific  equilibria 
involved  are 

0.5 WOg  (s)+  H2(g)  =  0.5W(s)+  HjOlg)  (3) 
O.SWOg  (s)+C0(g)  =  0.5W(8)  +  C02(g)  (4) 

•~W,^0^,(5)  +  C0(g)=-{|W02(8)+  COglg)  (5) 

^ W20  0„  (8)  +  CO{g)  =  ^  W„0^,(8)  +  C02(gK6) 

lOWOjlsl  +  COlgls-j  W2jp5,(8)+  COglg)  (7) 

These  equilibria  can  be  combined  with  the 
equilibrium  reactions. 


2H2  +02 

=  2H2O 

(6) 

2C0  +O2 

=  2C02 

(9) 

to  compute  the  standard  free  energies  of 
formation  of  the  several  oxides  of  tungsten. 

Equilibration  experiments  are  performed 
by  determining  the  Hj  OH3  or COj-COratio 
In  equilibrium  with  a  particular  pair  of  oxide 
phases.  Figure  1  Is  a  schematic  representa¬ 
tion  of  the  furnace  and  microbalance  arrange¬ 
ment  employed.  In  each  case  a  strip  of  tung¬ 
sten  or  prepared  single  oxide  compact  Is 
ouspended  In  the  furnace.  A  controll^  mix¬ 
ture  of  A-Hj-^0  or  CO-CO  j  Is  passed  over 
the  specimen.  The  oxidizing  ratio  (COg- CO  or 
0-Hg )  Is  adjusted  to  establish  conditions  of 
specimen  wei^t  gain  and  then  readjusted  for 
conditions  of  specimen  weight  loss.  By  alter¬ 
nating  from  weight  loss  to  weight  gain  It  Is 
possible  to  adjust  to  a  gas  ratio  for  v^ch  the 
specimen  wel^t  does  not  change  after  pro¬ 
longed  holding.  This  procedure  clearly  estab¬ 
lishes  equilibrium  conditions  and  is  In  no  way 
dependent  on  kinetic  considerations  because 
the  equillbrliun  gas  composition  is  approach¬ 
ed  from  both  sides  of  equilibrium.  X-ri^r 
diffraction  exanolnation  is  used  to  verify  the 
phases  present. 


Apparatus 

A  furnace  capable  of  operation  in  the 
temperature  range  desired  with  a  tempera¬ 
ture  control  of  ±1*C,  For  weight  change 
observations  several  balances  of  different 
sensitivities  and  capacities!  0.1mgtol0~^mg 
sensitivities. 


The  CO-COg  gas  mixtures  should  be  pre¬ 
pared  from  commercial  gases  of  hl^  purity 
and  then  further  purified  by  conventional 
gas  trains.  The  composition  of  the  gas 
mixture  can  be  adjusted  and  determined  by 
the  use  of  calibrated  flow  meters,  orsat 
analyses,  and  gravimetric  analysis. 


The  A-Hg-H  O  are  prepared  from  A  and 
Hg  of  hig^  puivy.  The  A  and  Hg  are  addi¬ 
tionally  puj^ed  by  standard  procedures, 
metered  and  mixed,  and  .  passed  throu^ 
a  water  satux'ator  held  at  a  carefully  con¬ 
trolled  temperature.  The  ratio  of 

Is  varied  by  adjusting  the  relative  amounts 
of  A  and  Hg  at  a  constant  saturator  tem¬ 
perature  in  accordance  with  the  Equation: 


PH2O 


The  Q  is  established  by  the  saturator 

temj^ratura.  P>j<  is  the  total  pressure  and 
^^/n||  is  the  ratio  of  the  molar  flow 


rates  of  A  and  H 


2* 


Discussion 

Care  must  always  be  taken  when  applying 
this  technique  at  hig^  temperatures  and  high 
partial  pressures  of  H^O;  under^these  con¬ 
ditions,  Mo  and  W  oxides  form  volatile 
complexes  with  water.  At  high  Pco/^CO 

ratios  tungsten  will  tend  to  form  carbides 
(Beference  10).  In  the  correct  range  of 
temperatures  and  composition  these  dif- 
fio\iltios  can  be  avoided.  Thermal  segregation 
of  Hg  and  HgO  oan  take  place  if  there  is 
a  sts^  temperature  gpradientj  preheating 
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of  Uie  equiUbratiiig  gas  will  minimize 
this  effect  (References  3  and  7).  Mixing 
a  heavy  gas  such  as  A  with  the  will 
also  reduce  un-mlxlng  to  negligible  error 
(References  7,  8,  and  9).  Instead  of  varying 
the  composition  of  the  equilibrating  gas 
mixture  at  constant  temperature,  om:  can 
maintain  the  composition  constant  and  vary 
the  temperature.  A  number  of  variants  of 
this  method  have  been  applied.  For  example, 
Griffis  (Reference  5)  used  a  closed  dynamic 
system  in  which  the  equilibrating  gaseous 
mixture  (H  -  HgO)  was  circulated  by  a 
gau  solenoid  pump.  Argon  was  not  used  as 
a  diluent  and  as  a  consequence  a 
troublesome  thermal  segregation  problem 
had  to  be  solved. 

Data  obtained  by  the  apparatus  described 
in  this  paper  are  shown  in  Figures  2  and  3, 
while  Figure  4  summarizes  the  W-0  phase 
equilibrium  at  one  atmosphere  total  pres¬ 
sure  deduced  from  these  data. 


Calorimetric  Method  of  Detennining 
Thermodynamic  Data 

This  method  can  be  applied  to  the  four 
refractory  metal  oxides,  MoO^,  MoO^  (Ref¬ 
erence  14),  WOg,  WOg  (Reference  15), NbgOg 
(Reference  17),  and  Ta  Og  (References*^  16 
and  17).  The  results  of  combustion  calo¬ 
rimetry  (Reference  18),  low-temperature 
heat  capacity  measurements  (Reference  18), 
and  hlg^-temperature  heat  content  meas¬ 
urements  can  be  combined  with  entropy 
data  to  give  the  free  energy  of  formation 
of  these  oxides  as  a  function  of  the  tem¬ 
perature.  The  partial  pressure  of  in 
equilibrium  with  these  oxides  can  then  be 
computed  from  free  energies  of  formation^ 
This  method  is  quite  accurate  for  determining 
the  free  energies  of  formation  of  the  oxides 
of  highest  valence,  and  less  accurate  for  the 
lower  ordldes  because  of  the  difficulties 
of  their  preparation.  The  intermediate  oxides 
of  W  and  Mo  have  not  been  successfully 
investigated  by  this  method,  nor  does  it 
seem  likely  that  the  more  stable  lower 
oxides  of  Nb  and  Ta  can  be  profitably  studied 
by  this  procedure. 

The  enthalpies  and  free  energies  of  for¬ 
mation  of  WOg  and  deten^ed  by  the 


gas  equilibration  method  (Reference  4)  and 
tht  calorlmetrtc  (Reference  18)  method  are 
in  excellent  agreement  and  the  data  obtained 
by  St.  Pierre  et  al.  (Reference  4),  for  the 
intermediate  oxides  W^gO^  and  W^^Ogg  are 
consistent  with  these  data  also. 


Galvanic  Cells 

The  galvanic  cell  is  one  of  the  most 
precise  methods  of  determining  thermo¬ 
dynamic  quantities  related  to  chemical  equi¬ 
libria.  Klukkola  and  Wagner  (Reference  19) 
developed  a  hi^-temperature  galvanic  cell 
utilizing  a  solid  electrolyte  (ZrO^  -  15  per¬ 
cent  CaO)  and  solid  electrodes  applicable  to 
oxygen  concentration  cells.  It  was  shown 
that  the  conduction  was  nearly  100  percent 
ionic  and  independent  of  the  oxygen  pressure 
and  satisfactory  results  have  been  obtained 
with  this  electrolyte  in  the  temperature  range 
750*  to  1200*C.  A  cell  for  measuring  the 
oxygen  potential  corresponding  to  various 
CO^/CO  ratios  Is  shown  in  Figure  5. Typical 
data  are  shown  in  Figure  6,  The  vertical 
coordinate  gives  the  Pq  as  determined 

from  electromotive  force  measurements  and 
the  horizontal  coordinate  the  Pq  as  computed 

from  the  CO^/CO  ratio  at  1000*C,  The 
agreement  is  excellent  for  this  rather  dif¬ 
ficult  measurement. 

Three  types  of  oxygen  concentration  cells 
used  in  this  laboratory  are  shown  in  Figure  7. 
Once  again  the  equilibria  pertaining  to  the 
Mo-O  and  W-O  systems  can  be  easily  deter¬ 
mined  by  this  procedure.  Gerasimov, 
Vasileva,  Chusova,  Geiderich,  and 
Timojereva  (Reference  20)  have  determined 
the  £iF**s  for  the  reactions 

W(5)+Og(g)  =  WOg  (s)  (II) 

and 

~wOj(5)+Oj(a)  =  -^Wi,o„(5)  (12) 

by  the  galvanic  cell  method.  These  data  are 
in  very  good  agreement  with  the  data  obtained 
by  St.  Pierre  et  aL  The  application  of  this 
method  to  niobium  and  tantalum  oxides  is 
more  dlfficiilt  due  to  the  greater  stability  of 
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these  oxides  —  side  reactions  with  the  solid 
electrolyte  occur  more  readily  with  the  more 
stable  oxides.  Foster  in  this  laboratory, 
however,  has  successfully  Investigated  the 
cell 


Cr 


Cfg  O3 


Zf  O2 
CoO 


Too, 


To^O, 


Since  the  oxides  of  niobium  are  less  stable, 
it  is  probable  that  these  oxides  would  be 
more  amenable  to  study  by  this  method  than 
the  oxides  of  tantalum. 


Solubility  Limits 

Solubility  limits  can  be  determined  by 
standard  X-ray  lattice  parameter  and  met- 
allographlc  methods. 


Vapor  Pressure  Method  —  Knudsen 
Effusion  (Reference  21) 

The  equilibrium  between  the  refractory 
metal  oxides  and  their  \apors  have  been 
investigated  by  several  vapor  pressure  tech¬ 
niques.  Effusion  techniques  can  be  applied 
with  success  in  the  pressure  range  of  10*^ 
to  10~^  atmospheres.  In  this  method,  the 
vapor  flows  from  a  space,  wher«>  it  is  in 
equilibrium  at  some  given  temperature  with 
a  condensed  phase,  throu|^  an  orifice  into 
a  hlg^  vacuum  (P<  10**  Torr).  If  the  pres¬ 
sure  is  low  enou|^,  so  that  the  ratio  of  the 
mean  free  path  in  ^e  vapor  to  the  diameter 
of  the  orifice  is  greater  than  10,  the  vapor 
pressure  is  given  by  the  relation  (Reference 
22), 


»  m  /2tR7 

’’ '  T  y-i— 

where  m  is  the  mass  effusing  per  unit 
time  per  unit  area,  M  is  the  molecular  weight 
of  the  vapor,  and  K  is  Clauslng*s  (Reference 
23)  correction  factor,  which  corrects  the 
elusion  I'ate  for  the  finite  thickness  of  the 
orifice.  Recently,  Hirth  and  Winterbottom 
have  shown,  that  vapor  molecules  Impinging 
upcn  the  inner  siirface  of  the  Knudsen  cell 
lid  are  adsorbed,  diffuse  along  the  surface 


throu^  the  orifice  to  the  external  surface 
of  the  lid  to  form  an  annular  ring  surroimd- 
ing  the  orifice  —  desorption  from  this 
annular  ring  leads  to  apparent  rates  of 
effusion  which  are  higiier  than  the  equi¬ 
librium  rate.  Increasing  the  thickness  of 
the  orifice  decreases  the  magnitude  of  this 
effect  but  Increases  the  size  of  the  Clausing 
correction.  The  thickness  of  the  orifice 
should  be  optimized  so  that  the  errors  due 
to  these  two  opposing  effects  is  minimized. 
If  the  vaporizing  co^clent  differs  appre¬ 
ciably  from  unity,  the  apparent  pressure 
should  be  measured  as  a  ftmctlon  of  orifice 
area  and  then  extrapolated  to  zero  area 
to  yield  the  equilibrium  pressure. 


The  rate  of  vaporization  may  be  measured 
in  a  number  of  ways  (Reference  21)  1  (1)  total 
weight  change  of  the  Knudsen  cell  for  a 
measured  time  interval;  (2)  continuously 
weighting  while  the  cell  is  suspended  from 
a  balance  beam  or  a  quartz  spiral  spring; 
and  (^  measuring  a  fraction  of  the  vapor 
deposited  upon  a  target. 


Howeve  ,  .'namblguous  vapor  pressure  data 
cannot  be  obtained  if  more  than  one  molecular 
species  is  present  in  the  vapor  phase; 
the  precise  composition  of  the  vapor  phase 
must  be  ascertained  In  general,  the  vapor 
in  equilibrium  with  refractory  oxides  at  ele¬ 
vated  temperatures  is  a  complex  mixture. 
The  most  reliable  analyses  of  the  vapors 
effusing  from  a  Knudsen  cell  have  been 
obtained  with  the  mass  spectrograidu  Pio¬ 
neering  research  of  this  kind  was  carried 
out  in  the  determination  of  the  thermo¬ 
dynamics  of  gaseous  carbon  molecules  in 
equilibrium  with  graphite  by  Chupka  and 
In^iram  (Reference  25).  Berkowltz,  Chupka, 
and  Ingram  (Reference  26)  ascertained  the 
equilibrium  of  powdered  MoO,  and  WO3 
with  their  respective  vapors  by  mass  spec- 
trographic  analysis  of  the  vapor  effhsingfirom 
a  Knudsen  cell.  These  author;  ;howe^  that 
the  principal  gaseous  species  m  the  vapor 
phase  were  the  polymeric  molecules 
(MoO.)n  and  (WO,)n>  where  n  «=  3,  4,  and  5. 
Combii^g  the  analysis  of  the  vapor  com¬ 
position  reported  by  Berkowltz  et  aL,  with 
their  own  rate  of  Knudsen  eflhsion  meas¬ 
urements,  Blaoldbum,  Hooh,  and  Johnston 
(Reference  27)  calculated  theth'-  .'nuxtynamlc 
ftmetions  for  several  oxide-vape ;  eqidlibria. 
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Blackburn  (Reference  27)  compared  hie  re- 
euRs  with  those  of  Berkowltz  (Reference 
26) »  Ueno  (Reference  28)  (Knudsen  effusion 
and  quartz  balance  respectively)  ani  Arlya 
(Reference  29)  (transportation  method)  In 
Tables  2  and  3.  The  agreement  between 
the  data  obtained  by  these  seveial  methods 
is  poor. 

Ing^ram,  Chupku,  and  their  collaborators 
(Reference  30)  and  others  (see  review  by 
Ing^ram  and  Devwart,  Reference  30) « using 
the  mass  spectrometer  In  the  stody  of 
the  thermodynamics  of  chemical  reactions 
at  elevated  temperatures,  have  generally 
employed  magnetic  focusing  mass  spec> 
trometers.  Professor  David  White,  Depart¬ 
ment  of  Chemistry,  The  Ohio  State  University, 
has  developed  the  use  of  a  Bendlx  Tlme- 
of-Flig^t  Mass  Spectrometer  In  conjunction 
with  a  Knudsen  effusion  cell  to  study  the 
equilibrium  between  condensed  phases  and 
their  vapors  (Reference  31).  The  Metal¬ 
lurgy  Department,  The  Ohio  State  University, 
has  also  ptirohased  a  Bendlx  Tlme-of-Fli^t 
Mass  Spectrometer  with  a  Knudsen  effusion 
cell  attachment.  This  instrument  (using  pro¬ 
cedures  and  modifications  developed  by 
Professor  White  and  his  collaborators)  Is 
being  used  to  study  the  volatile  complexes 
of  the  refractory  metal  oxides  with  water 
vapor.  A  brief  description  of  the  principles 
of  operation  of  this  Instrument  follows. 


Tlme*of-Fllg^t  Mass  Spectrometer 
(Reference  32) 

A  schematic  diagram  of  the  Tlme-of- 
Fllg^t  Mass  Spectrometer  (TOF-MS)  Is  shown 
in  Figure  8.  Not  shown  is  the  furnace 
oontal^g  the  Knudsen  effusion  cell  which 
is  direct^  coupled  to  the  TOF-MS.  Neutral 
molecules  from  the  Knudsen  cell  effuse 
Into  the  Ion-source  region  where  ions  are 
formed  by  bombardment  of  the  neutral  par¬ 
ticles  by  a  pulsed  (10,000  pulses  per  seconc^ 
beam  of  electrons  of  controlled  energy. 
Between  electron  pulses,  the  first  grid  in 
the  ion  gun  Is  pulsed  to  -270  volts  for  a 
time  sufficient  to  allow  the  Ion  bunch  to  pass 
through  this  grid  into  the  final  grid,  where 
the  ions  are  accelerated  by  a  2800-volt 
potential.  After  passing  through  this  grid, 
the  ion  bunch  moves  100  centimeters  down 


a  field  free  “drift  path'*  tube  to  an  Ion 
detector.  The  geometry  and  potentials  of  the 
apparatus  are  designed  to  yield  a  time  of 
flight  which  is  proportional  to  y2m/e,  wliere 
m  is  the  mass  of  the  ion  and  o  Is  the  ion's 
charge.  Mass  separation  results  only  from 
mass  dependent  velocities,  ions  with  the 
lowest  mass-to-charge  ratio  having  the 
shortest  time  of  fli^t.  The  ion  detector 
is  a  magnetic  electron  multiplier.  The  output 
of  the  ion  signal  collector  is  displayed  on 
an  oscilloscope  synchronized  with  and  trig¬ 
gered  by  signals  from  the  mass  spectro¬ 
meter.  The  accuracy  of  the  TOF-MS  is 
greatly  Improved  by  the  incorporation  of  an 
analog  output  system  so  that  the  data  can 
be  recorded  as  well  as  simultaneously  dis¬ 
played  on  the  oscilloscope. 

The  furnace  containing  the  Knudsen  cell 
is  shown  in  Figure  9.  The  Knudsen  cell 
can  be  either  heated  by  electron  bombard¬ 
ment  or  by  radiation.  The  temperature  is 
meastired  throu^  an  observation  port  by 
an  optical  pyrometer  sighted  directly  upon 
the  orifice  of  the  Knudsen  cell  or  by  ther¬ 
mocouples  directly  attached  to  the  base  of 
the  cell.  Provision  is  also  being  made  to 
pass  water  vapor  directly  Into  the  Knudsen 
cell  so  that  the  molecular  weight  of  volatile 
refractory-metal-oxlde-H  O  complexes  can 
be  ascertained.  An  exampm  of  the  resolution 
attainable  with  tiie  TOF-MS  is  shown  in  the 
determination  of  the  vapor  pressure  of  neo¬ 
dymium  (Reference  33,  Figure  10).  The 
mass  spectrum  of  the  isotopes  of  neodymium 
ai'e  shown  and  the  e}q)erlmental  abundances 
are  compared  with  those  published  in  the 
literature. 


Gravimetric  Methods  for  Determination 
of  the  Homogeneity  Range  in  Refractory 
Metal  Oxides 

Rigorously,  all  solid  or  liquid  oxides 
exhibit  some  degree  of  nonstotchlometry  at 
finite  oxygen  pressures  and  temperatures 
above  absolute  zero;  whether  or  not  a  ho¬ 
mogeneity  range  is  exhibited  depends  upon 
the  sensitivity  of  the  measurements.  The 
metal-oxygen  system,  consisting  of  one  con¬ 
densed  phase  and  a  vapor  phase  in  equi¬ 
librium,  is  blvariant  according  to  the  Gibbs 
phase  rule.  In  this  case  the  total  vapor 
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pressure  as  well  as  the  partial  pressures 
of  the  species  In  the  vapor  phase  change 
with  the  composition  of  the  condensed  phase 
at  constant  temperature.  When  two  condensed 
phases  and  the  vapor  phase  are  In  equilibrium, 
the  system  Is  Invariant  and  the  total  pres¬ 
sure,  as  well  as  the  partial  pressiures  of  the 
several  molecular  species  In  the  vapor 
phase,  Is  Independent  of  the  composition  of 
the  condensed  phase.  Gulbransen  and  his 
coworkers  (Reference  36)  have  attempted  to 
determine  the  composition  Umite  for  the 
tungsten  phases  WOg,  and  WOj 

by  measuring  the  vapor  pressure  over  these 
oxides  by  the  Knudsen  effusion  method.  The 
Knudsen  cells  loaded  with  powdered  oxide 
samples  were  suspended  from  a  quartz 
spring  balance.  The  whole  assembly  was 
enclosed  In  a  hlg^  vacuum  chamber  and  the 
Knudsen  cell  was  heated  by  radiation  emitted 
by  a  susceptor  heated  by  Induction.  Weight 
changes  were  determined  by  measuring  the 
contraction  of  the  quartz  spring.  They  found 
that  above  120C*C  the  vapor  pressure  ot'er 
the  heterogeneous  system  was  Independent 
of  the  composition  and  a  function  of  the 
composition  over  the  homogeneous  system. 
This  behavior  conforms  to  the  phase  rule. 

Kofstad  and  Anderson  (Reference  37)  and 
Kofstad  (Reference  38)  have  detenxiined 
the  relative  defect  structure  of  a^Nl^O- 
In  the  temperature  range  750*  to  12C(o*C 
by  equilibration  with  oxygen  in  the  pressure 
range  of  1  to  0.001  atm  and  at  much  lower 
oxygen  pressures  corresponding  to  equi¬ 
libration  with  mixtures  of  CO  and  CO^. 
The  relative  deviation  from  stoichiometry 
(oxygen  deCiclenc}^  was  measured  gravl- 
metrically.  The  oxide  specimen  was 
suspended  from  a  quartz  spring  and  the 
change  in  weig^  upon  equilibration  with 
Og  or  CO-COg  mixtures  was  deterznined 
from  the  change  In  extension  of  the  quartz 
spring;.  Brauer  (Reference  39)  estimates 
that  tee  oxygen  deficiency  lies  within  the 
composition  limits,  NbO  _  -NbO  In  the 
temperature  range  1350^  to  1400*C. 

Similar  studies  by  Kofstad  (Reference 
40)  on  Ta^Og  reveal  a  formula  for  this 


oxide  corresponding  to  Ta^O^.j^  (x  •=  0.006 
to  0.006)  in  tee  temperature  range  1200* 
to  1400*C.  The  narrower  homogeneity  limits 
for  TUgO- compared  to  Nb^O.  Is  not  sur¬ 
prising  since  Ta^Og  Is  muon  more  stable 
than  Nb^Og. 


Gas  Entrainment 

In  this  method*,  a  carrier  gas  flowing 
over  the  condensed  phase,  is  saturated 
with  vapor  so  that  gas  plus  vapor  is  in  equi¬ 
librium  with  the  condensed  phase  at  a  g;lvon 
temperature;  tee  vapor  is  then  condensed 
out  of  an  accurately  measured  volume  of 
tee  flowing  gas  mixture,  and  finally,  the 
condensate  Is  precisely  weired.  (See  Figure 
11.)  The  fiow  rate  of  the  carrier  gas  must 
be  carefully  controlled;  Lepore  and  Waser 
(Reference  84)  have  shown  that  the  flow 
rate  must  be  ac^usted  so  that  the  apparent 
vapor  density  (see  Figure  12)  Is  Independent 
of  tee  rate  of  fiow  ofthe  carrier  gas,  because 
only  In  this  case,  is  the  carrier  gas  vapor 
saturated;  at  lower  rates,  the  rate  of  dif¬ 
fusion  of  the  vapor  Is  greater  tean  the  flow 
rate  of  the  carrier  gae  so  teat  the  apparent 
vapor  density  Is  higher  than  the  density 
corresponding  to  the  vapor  saturated  gas; 
at  higher  rates,  the  flow  rate  Is  hl^er 
than  tee  rate  of  evaporation  from  tee  solid 
or  liquid  siirfaoe;  consequently  the  carrier 
gas  can  never  be  saturated  with  vapor. 

The  partial  pressure  of  a  given  molecular 
species,  1,  In  the  vapor  can  be  calculated 
from  the  Ideal  gas  equation. 


vdzere  Wi  Is  the  welg^  of  species  1  en¬ 
trained,  Mi  Is  the  molecular  weight  and  V 
Is  the  volume  of  carrier  gas.  Obviously 
tee  amount  and  molecular  weight  of  every 
specie  present  In  the  vapor  must  be  as¬ 
certained.  Aokermann  and  his  coarorkers 
(Reference  35)  have  used  the  entrainment 
method  to  measure  the  v^>or  density  In 
equilibrium  with  molybdenum  trloxide  and 


*AIso  referref'  to  as  tee  transpiration  or  transporatlon  method. 
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tungsten  trloxide.  These  investigators  as¬ 
sumed  that  the  composition  of  the  vapor 
in  their  experiments  corresponded  to  the 
trimer»  tetramer,  and  pentamer  trioxide 
species  reported  by  Berlmwitz«  Chupka  and 
Ingram  (Reference  26)  in  their  mass  spec¬ 
troscopic  investigations  of  MoO,  and  WO,. 
Aokermann*  et  aU  (Reference  35)  compared 
the  results  of  their  research  with  those  of 
other  investigators  in  Table  4,  The  data 
in  Table  4  are  in  poor  agreement;  however, 
there  is  satisfactory  agreement  between 
the  data  of  Berkowitz  et  aU,  and  Aokermann 
et  aL 


KINETICS  OF  OXIDATION 

The  experimental  procedures  generally 
employed  in  the  investigations  of  the  kinetics 
of  oxidation  are  well  known  and  voluminously 
described  in  the  literature  (see  for  example 
Kubaschewski  and  Hopkins,  Reference  41). 
Certainly  an  extensive  description  of  ex¬ 
perimental  methods  related  to  this  topic 
is  not  warranted  in  this  review  —  only  a 
brief  discussion  of  several  topics  of  interest 
to  the  authors  is  given* 


Gravlmetrio  Method 

In  this  method,  the  change  in  weight 
of  the  specimen  is  measured  as  a  function 
of  time  at  constant  temperature*  Several 
pieces  of  apparatus  (References  4,  36,  and 
37),  described  in  previous  sections  of  this 
paper,  have  been  used  to  gravlmetrioally 
measure  rates  of  oxidation*  The  vacuum 
microbalance  devised  by  Gulbransen  (Ref¬ 
erence  42)  is  especially  worthy  of  mention 
because  of  its  hig^  sensitivity  (0*5  ^  gm) 
and  its  rapid  response. 

In  our  laboratory  there  is  aprog^am under 
way  to  measure  the  rate  of  oxidation  of 
tungsten  to  WO  ;  compacts  of  WO  to  W^ ,  O  ; 
^18^49  ^  finally,  to  oxidize 

tungsten  in  an  atmosphere  that  leads  to  the 
foimiation  of  a  multilayer  oxide  scale*  The 
alms  of  this  program  are  being  fulfilled  with 


the  apparatus  depicted  in  Figure  1,  utilizing 
the  proper  oxidizing  mixtures  of  CO-CO^ 
or  Hg-HgO.  The  pure  suboxides  of  tungsten 
are  prepared  by  equilibrating  the  oxide 
with  the  requisite  CO-CO^  or  H^-H^O 
mixtures* 

The  same  apparatus  and  technique  can  be 
successfully  employed  to  study  the  rate  and 
mechanism  of  osddatlon  of  molybdenum; 
niobium,  possibly,  if  the  required  hig^  ratio 
of  H^-H„0  can  be  controlled  with  si^clent 
accuracy;  and  tantalum,  probably  not  at  all* 


Gravimetric  Method:  Hig^  Pressures 
(Reference  43) 

Apparatus  and  procedures  for  rate  meas¬ 
urements  at  hyperatmospherio  pressures, 
over  a  considerable  range  of  temperatures, 
is  described  by  Ong  and  Fassel,  Jr.,  in 
another  paper  in  this  symposiun^* 


Gravimetric  Method:  Volatilization 
of  Oxides 

Numerous  investigators  have  measured 
and  noted  the  volatility  of  molybdenum  (Ref¬ 
erences  44,  45,  46,  47,  and  53)  and  tungsten 
(References  48  throu^  52)  oxides  at  elevated 
temperatures*  The  enhanced  rate  of  volatili¬ 
zation  of  the  oxides  of  tungsten  in  the 
presence  of  water  vapor  has  bmn  measured 
by  several  investigators  (References  49,  50, 
54,  and  55),  In  this  laboratory  (Reference 
56),  the  apparatus  schematically  represented 
in  Figure  1  also  has  been  used  to  measure 
the  rate  of  volatilization  of  the  several 
oxides  of  tungsten  in  the  presence  of  water 
vapor*  Compacts  of  the  difierent  oxides  of 
tungsten  were  suspended  firom  the  balance 
arm  in  a  flowing  gaseous  mixture  composed 
of  H  -HgO-Ar*  The  H  -H^O  ratio  was  ad¬ 
justed  to  correspond  to  Oie  equilibrium  oxygen 
partial  pressure  of  the  suboxide  under  study* 
Argon  was  used  as  a  diluent— thus  the  partial 
pressure  of  H^O  could  be  varied  without 
altering  the  oxygen  chemical  potential*  The 
data  oMained  by  ^s  procedure  for  the  various 


*See  '^Hig^  Pressure  Oxidation  of  Refractory  MeUds— Ejqperlmental  Methods  and  Inter¬ 
pretation*** 
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oxides  of  tungsten  Is  presented  elsewhere 
In  this  symposium  —  all  of  the  oxides  of 
tungsten  seem  to  form  stable  gaseous  hy¬ 
drates  at  elevated  temperatures*  It  can 
be  seen  that  the  volatility  rate  of  each 
oxide  increases  with  an  increase  in  the 
partial  pressure  of  H^O*  These  data  are 
discussed  further  in  another  paper  in  this 
symposium  (G.  R.  St*Pierre  and  R.  Speiser, 
Reaction  of  Gaseous  Systems  wlthTimgst.  n 
at  Elevated  Temperatures**)* 


Diffusion 


The  solubility  of  oxygen  in  molybdenum 
and  tungsten  is  quite  low*  apparently  un- 
measur^le*  although  sufficient  internal  oxi¬ 
dation  can  occur  (at  grain  boundaries)  to 
cause  embrittlement*  On  the  other  hand, 
the  solubility  of  oxygen  in  columblum  and 
tantalum  is  hlg^  enou^  to  be  measurable 
(References  57  through  60).  Klopp,  Maykuth, 
Sims,  and  Jaffee  (Reference  39)  determined 
the  rate  of  solution  of  oxygen  in  niobium 
by  measuring  knoop  hardness  across  speoi- 
mens  e}qx>sed  to  oxygen  at  elevated  tem¬ 
peratures*  Assuming  a  linear  relationship 
between  oxygen  concentration  and  hardness, 
diffusion  coefificients  were  calculated  from 
Fick*s  second  law  of  diffusion,  Klopp  et  aU 
(Reference  59)  e}q>ressed  the  temperature 
dependence  of  the  diffusity  of  oxygen  in 
niobium  by  the  relation. 


D 


4,07  X  10-3  e 


24,900 

RT 


where  D  is  the  diffusion  rate  in  cm*  per 
second*  This  result  is  in  fair  agreement 
with  data  of  Ang  (Reference  58)  who  es¬ 
timated  his  dlflusivities  from  internal  friction 
measurements  and  obtained  a  value  of  27,600 
cal  per  gram  for  the  activation  energy* 


Kofstad,  Kalvenes,  Anderson,  and  Lunde 
(Reference  61)  determined  the  rate  of  dif¬ 
fusion  of  Nb^B  in  sintered  Nt^O^*  Plane 
surfaces  of  the  sintered  Nb^^O.  compacts 
were  coated  with  a  thin  layer  of  Nb^O^  con¬ 
taining  file  radioisotope  Nb^^j  several  speci¬ 
mens  were  also  made  up  as  sandwiches 
with  the  radioactive  layer  in  the  middle* 


The  dlfftision  anneal  was  of  three  days 
duration  in  a  furnace  supplied  with  a  con- 
tlnuoiis  current  of  oxygen*  The  samples 
were  then  sectioned  and  the  activity  in 
each  section  determined*  A  Geiger  Muller 
counter  was  used  to  determine  the  /3-activxty 
and  a  scintillation  counter  to  determine 
this  flr-activlty*  It  was  found  that  Nb  diffusion 
occurred  principally  by  grain  boundary  mi¬ 
gration,  lattice  diffusion  being  extremely 
slow  by  comparison*  This  result  is  not 
surprising,  since  is  an  oxygen  deficient 
lattice  (Reference  ^  oxygen  ion  migration 
being  the  most  probable  mechanism  of  ion 
transport  throuj^  the  oxide  lattice* 
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TABLE  1 

OXYGEN  PRESSURE  IN  EQUILIBRIUM  WITH  OXIDES 


Easily  Reducible 

Reducible  with 

Difficulty  j 

M0O3 

WO  3 

Nbgl 

^5 

TOg  0 

9 

Temp  ,  “k 

1000 

2000 

1000 

2000 

1000 

2000 

1000 

2000 

”0, 

10-1'^ 

10~® 

10-31 

10-6 

10-31 

10-11 

0 

1 

Cl) 

10-13 

0.036 

0.48 

1.6 

0.49 

106 

114 

5x106 

580 

0.026 

0.44 

1 

4.8 

106 

500 

4x106 

2550 

TABLE  2 


HEAT  AND  ENTROPY  OF  VAPORIZATION  OF  MoO  ♦ 

,  _  .  _ 


Author 

Te  mp., 

"K 

kcal  /mole 
of  (Mo  03)3 

A  St 

e.  u. 

A  f^SOO 

kcol  /  mole 

Of  (M0O3  )3 

Ueno^^ 

928 

63.7 

46.5 

22.9 

Ariya^^ 

964 

68.1 

56.9 

18.8 

Berkowltz 

850 

80.0 

65. 6 

21.0 

Blackburn 

900 

79.7 

67.8 

18.7 

♦Blackburn,  Hoch,  and  Johnston  (Reference  27). 

♦♦The  values  for  ^  F^  from  Ariya  (Reference  29)  and  Ueno  (Reference  28)  are  corrected 
to  (Mo03)3(g). 
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TARTAR  3 

HEAT  AND  ENTROPY  OF  VAPORIZATION  OF  WO3 


Au  t  hor 

Temp., 

“K 

A  H  y 

kcol  /mole 
of  iWo,), 

A  Sj 
e.u. 

^  ^1000 
kcol  /  mole 
of  (WOj)^ 

Ueno^ 

1368 

112.6 

57.3 

34.2 

Berkowitz 

1368 

130 

69.  5 

34.9 

Blackburn 

1500 

108.0 

54. 1 

33.9 

♦Ueno’s  data  are  corrected  to  (W03)3(g). 


TABLE  4 

HEATS  AND  ENTROPIES  OF  SUBLIMATION  AND  VAPORIZATION 
OF  MOLYBDENUM  TRIOXIDE 


Investigators 

BH 

AH^ 

(kcol  mole"' 
of  vopo r  ) 

AS* 

(e.  u,  mole"' 
of  vapor) 

Ueno 

908-948 

62.5 

42.8 

Ariya 

941-987 

67.0 

53.3 

Zelikman  et  al^ 

1178-1373*^ 

35.6 

24.9 

Berkowitz  et  al 

810-1000 

85.4 

71.7 

Blackburn  et  al 

808-958 

78.8 

66.6 

Ackermann  et  al 

980-1060 

87.8 

73.0 

♦From  boiling  point  and  transpiration  methods  of  liquid  molybdenum  trioxide. 
From  A.  N.  Zelikman,  N.  N.  Gorovitz,  and  T.  E.  Prcsenkova.  J.  Inorg. 
Chem.  U.  S.  S.  R  332.  (1956). 

♦♦Measurements  made  above  the  melting  point. 
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Fig>ire  1.  Schematic  Representation  of  Apparatus  Used  for  CO-COg  and  Hg-HgO 
Equilibration 
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Figure  7 .  Three  Types  of  Oxygen  Concentration  Cells 


Figfure  8.  Schematic  Diagram  of  Bendix  Time-of- Flight  Mass  Spectrometer 
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Figure  9.  Furnace  Containing  Knudsen  Cell  for  Use  With  Time-of- Flight  Mass 
Spectrometer  (Schematic) 


I 

IjLa _ 

MASS 

mn  1  i 

PERCENT 

LITERATURE  EXPERIMENTAL 

142 

26.9 

27.2 

143 

12.2 

13.0 

144 

23.9 

24.1 

145 

8.3 

7.7 

146 

17.3 

16.5 

148 

5.8 

5.4 

t50 

5.7 

6.1 

Figure  10.  Mass  l^ctrum  of  the  Isotopes  of  Neotfymium 
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HIGH  PRESSURE  OXIDATION  OF  REFRACTORY 
METALS  —  EXPERIMENTAL  METHODS  AND  INTERPRETATiCN 

W.  M.  Fossei,  Jr.  * 

J.  N.  Ong* 

A.  M.  Saul* 


INTRODUCTION 

Early  in  1948,  as  part  of  a  study  on  in¬ 
cendiary  magnesium  alloys  (Reference  1), 
it  was  found  that  the  ignition  temperaturc 
varied  with  the  oxygen  overpressure  in  u 
complex  manner.  The  correlation  between 
the  change  in  ignition  temperature  and  oxi¬ 
dation  rate  with  alloying  (Reference  2)  sug¬ 
gested  that  the  oxidation  processes  influ¬ 
enced  the  temperature  at  which  active 
combustion  could  occur.  Numerous  unsuc¬ 
cessful  attempts  were  made  to  e^qplain  the 
observed  variations  using  existing  oxidation 
theory  as  a  basis  (Reference  3). 

At  that  time,  it  should  be  noted,  no  quan¬ 
titative  data  was  available  on  the  oxidation 
rate  of  any  metal  at  pressures  above  one 
atmosphere  (Le  Chateiier  reported  that  a 
black  oxide  was  formed  on  silver  at  300*C 
with  15  atm  oxygen  pressure  (Reference  4)). 

The  principal  theoretical  analysis  of  ttie 
presstire  effect  on  the  oxidation  rate  of 
metals  was  that  of  Wagner  and  co-woricers. 
In  their  treatment,  which  had  been  e;q>eri- 
mentally  confirmed  only  for  pressures  below 
one  atmosphere,  they  suggested  that  the 
oxidation  rate  would  vary  as  some  fractional 
power  (1/7  for  Cu,  1/6  for  Nl)  of  the  oxygen 
pressure  at  the  gas/oxlde  interface.  This 
treatment  (References  5  and  6)  has  been 
reviewed  in  detail  in  a  ntimber  of  recent 
publications  (Reference  7). 

The  surprising  lack  of  data  on  the  oxida¬ 
tion  rate  of  metals  at  hyperatmospheric 
pressures  coupled  with  the  inability  of  any 
known  oxidation  dieory  to  explain  the  observed 
variation  of  the  ignition  temperature  of 


*Aeronutxonic  Division,  Fhilco  Corporatton. 


magnesium  versus  pressure  and  the  limited 
theoretical  work  at  pressure,  suggested  that 
this  area  could  fruitfully  be  ejqplored. 

DEVELOPMENT  OF  EXPERIMENTAL 
METHODS 

Late  in  1949,  woric  was  started  on  die 
development  of  equipment  suitable  for  the 
continuous  quantitative  measurement  of  oxi¬ 
dation  rates  at  hig^  oi^gen  pressures.  As 
an  initial  goal,  presstu’es'to  600  psla  oxygen 
at  1000*C  were  to  be  achieved  with  the  equip¬ 
ment 

Gravimetric  methods  were  preferred  be¬ 
cause  of  their  inherent  slmpllcl^  and  the 
directness  of  the  mediod.  Volumetric  methods 
were  not  considered  suitable  because  of  die 
difdculty  in  maintaining  a  leak-free  system 
at  hig^  pressures  and  in  accurately  measur¬ 
ing  the  volume  of  gas  consumed  by  any  rea¬ 
sonable  technique  at  40  atmospheres 
pressure. 

A  number  of  possible  gravimetric  methods 
were  considered.  For  quMititative  measure¬ 
ments  at  hyperatmospheric  pressures,  die 
quarts  spring  balance  first  used  by  Leontis 
and  Rhines  (Reference  2)  for  oxidadcm  rate 
studies  has  many  advantages.  None  of  the 
more  elaborate  techniques  considered  then 
or  tried  over  the  past  10  years  has  proved 
better  and  more  trouble  free  dian  the  sioqile 
quarts  spring  microbalance. 

The  initial  equipment  designea  to  use  this 
technique  at  pressures  to  40  atmospheres 
is  shown  in  Figure  1  (Reference  8). 
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The  nlchjrome  V-wouad  fj’'T,£ioc  was  sn-^ 
closed  in  a  steel  pressure  v^..  «el  e  <uipped 
with  a  variety  of  flanges  for  assembly, 
access  to  samples,  observation  windows, 
and  power  leads. 

While  this  unit  was  successfully  used  on 
copper  to  600  psia  Og  at  900*C,  a  number 

of  difficulties  inherent  to  tiie  design  were 
encountered.  One  of  the  most  troublesome 
of  these  was  the  spurious  oscillation  of  the 
quartz  spring  balance.  This  became  pro- 
gpressively  worse  with  increased  pressure 
and  temperature.  E]q>erimentally,  it  was 
found  that  this  problem  could  be  substan¬ 
tially  reduced  by  decreasing  the  diameter 
of  the  iqiper  furnace  section  (N  of  Figure  1, 
original  I.D.  4  inches)  as  well  as  the  diameter 
of  the  furnace  tube.  Locating  the  quartz  spring 
farther  from  the  hot  zone  also  tended  to 
reduce  the  magnitude  of  the  oscillations. 
In  addition  to  the  above  problem,  the  massive 
nature  of  the  unit  made  repairs  difficult  and 
time-consuming. 

Based  on  the  above  observations,  the 
furnace  was  completely  redlsigned.  The  gen¬ 
eral  arrangement  of  the  press'ire  shell, 
weig^hing  components,  and  furnace  element 
are  shown  in  Figure  2.  The  sectional  arrange¬ 
ment  of  the  furnace  allows  easy  replacement 
of  any  of  the  component  parts.  The  most 
frequent  failures  are  the  heating  elements 
and  thermocouples.  The  heating  imitconsists 
of  a  1-inch  I.D.  Alundum  core  (Norton  No. 
11756)  23  inches  long.  The  core  is  woxmd 
with  three  separate  windings  individually 
controlled.  The  temperature  of  the  center 
winding  is  automatically  controlled  by  a 
Leeds  and  Northr  .p  ^edomax  control 
system  which  adjusts  the  power  input  from 
a  15-amp  powerstat.  The  vq?per  and  lower 
guard  rings,  N,  are  controlled  manually  by 
similar  powerstats. 

The  guard  ring  heating  elements,  N,  over¬ 
lap  tte  end  sections  of  M  by  about 
1-1/4  inches.  The  overlapped  section  is 
backed  off  3/16  inch  from  the  controlled 
section  by  short  sectors  of  a  similar  Alundum 
core.  This  arrangement  has  been  found  to 
give  a  very  uniform  temperature  ov€ 
4-inch  length  in  the  tube.  Four  thermocoiq>l6r<. 
T,  are  used.  The  iqip^r  and  lower 


thermocouples  in  winding,  M,  are  used  to 
adjust  the  power  input  to  the  guard  rings, 
N.  One  of  the  center  thermocouples  controls 
the  winding  temperature  and  the  other  is 
used  exclusively  to  measure  the  sample 
temperature.  This  couple  is  shielded  by  a 
parabolic  Alundum  shield  so  that  it  effec¬ 
tively  “looks"  only  at  the  sample,  as  shown 
in  Figure  3. 

Tenq)erature  checks  using  very  fine 
thermocouple  wire  welded  directly  to  the 
metal  samples  show  the  true  sample  tem¬ 
perature  to  be  within  of  the  measured 
sample  temperature  at  700°C.  The  thermo¬ 
couple  leads,  S,  through  the  furnace  shell 
are  modified  No.  18  spark  plugs.  The  center 
electrode  was  removed  and  replaced  with 
the  appropriate  metal  or  alloy  to  prevent 
junction  error. 

Thermal  insulation  becomes  a  very  serious 
difficulty  at  higher  pressures  (above  300  psi). 
This  is  apparently  due  to  the  increased 
thermal  conductivity  of  the  ojQrgen.  At  pres¬ 
sures  above  600  psi,  water  cooling  must  be 
used  on  the  exterior  shell. 

Originally,  teflon  gaskets  were  used.  Two 
failures  occurred.  While  the  reason  is  not 
known,  teflon  apparently  decomposes  rapidly 
to  gaseous  products  at  80*  to  100*C  in  oxygen 
at  500  to  600  psi.  It  should,  therefore,  be 
used  with  extreme  caution  under  these  con¬ 
ditions.  Garlock  “900"  gaskets  (compressed 
asbestos)  have  been  successfully  substituted 
in  all  re^ons  where  the  temperature  is  above 
35"C. 

Figure  4  is  a  detailed  drawing  of  the  winch 
mechanism  and  window  block. 

This  basic  design  has  been  used  success¬ 
fully  over  the  past  ten  years  for  a  variety 
of  quantitative  rate  measurements  at  hyper- 
atmospheric  pressiures  (References  9  through 
16). 

In  1958,  the  design  was  modified  slightly 
for  McKewan  to  investigate  the  reductlan  of 

Fe.O.  at  hi^  hydrogen  pressures 

iS  o 

(Reference  17).  This  unit  was  made  entirely 
of  stainless  steel  to  minimize  corrosion  1^ 
water  vapor  formed  from  the  reaction.  In 
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this  modification,  all  power  and  thermocouple 
leads  were  transferred  to  the  top  of  the 
furnace  shell  to  simplify  repairs. 

Recently,  a  number  of  modifications  have 
been  developed  to  extend  the  range  and  versa¬ 
tility  of  this  basic  unit.  The  operating  con¬ 
ditions  for  the  various  types  shown  in 
Figures  5,  6,  7,  and  8  are  summarized  in 
Table  1. 

THE  PRESSURE  EFFECT 

The  variety  of  environmental  conditions 
to  which  metals  are  being  subjected,  ranging 
from  oxidizing  to  reducing  combustion  pro¬ 
duct  gas  mixtures  and  from  high  pressure 
combustion  chambers  to  hlg(h  altitude  flight 
paths  at  temperatures  from  ambient  to  metal 
melting  points,  has  placed  emphasis  on  the 
necessity  for  experimentalwork  to  determine 
the  effect  of  gas  pressure  on  the  reaction 
rate  of  metals.  In  general,  the  effect  of  gas 
pressure  on  metal-gas  reactions  should  be 
considered  from  several  viewpoints! 
(1)  thermodynamics  and  kinetics,  (2)  the 
type  of  reactor  used  to  conduct  ejqperiments, 
and  (3)  the  influence  of  pressure  on  product 
phase  stability. 

Thermodynamics  and  Kinetic  ConslderatlonB 

Consider  a  simple  chemical  reaction  in 
which  a  metal,  iMe),  reacts  with  oxygen, 
(O2),  to  form  one  oxide  product 

o-M.  +  ^  Oj  *  N.,  Ob  (1) 

A  general  rate  equation  may  be  written  in 
the  form 

Rot.  =  *  k, 

-  h,  /  (CM.,  0^])  (2) 


functions  of  reactant  and  product  concen¬ 
trations  respectively.  The  particular  form 
of  the  above  functions  will  depend  on  whether 
the  kinetic  mechanism  is  elementary,  com¬ 
plex,  or  chain  (Reference  18). 

At  conditions  not  equivalent  to  jquiUbrlum 
one  term  in  Equation  2  will  normally  pre¬ 
dominate. 

V/hen  A  F<0,  the  rate  of  decomposition  of 
the  products  is  generally  negligible  and  the 
rate  may  be  written 

»  k,  y  (  C  M.],  C  0,  ])  (3) 

When  the  mechanism  is  first  order  com¬ 
plex  chain  (Reference  19) ,  Equation  3  may 
be  expressed  as  a  function  of  oxygon  con¬ 
centration  or  pressure  only 


When  A  F>0,  k^  /([Mej^Ojj])>kj/(  [Me]  , 

[O2] )  and  the  consumption  of  reactant  may 

proceed  only  vdien  the  reaotlOD  prod^^ots  are 
continually  removed  from  the  reaction  inter¬ 
face. 


Removal  of  the  gaseous  product  species 
is  generally  accomplished  by  cUffusion 
through  a  gas  boundary  layer  l^v  between 
the  bulk  gas  region  and  Uw  reacacn  inter¬ 
face.  It  is  assumed  that  no  mixing  occurs 
in  this  layer  and,  therefore,  a  steady  state 
concentration  gradient  can  be  established. 
The  rate  of  transport  by  diffusion  across  a 
boundary  layer  of  thickness,  x,  is  ^ven  by 
(References  20  and  21) 


Mol. 


iim/k) 

d!  *  olT« 


(5) 


The  definition  of  m  is  normally  in  terms 
of  reactant  oxygen  consumption  (gm).  A  is 
the  area  over  which  the  reaction  occurs 

(cm^)  j  t  is  the  time  (sec)}  kj  and  k^  are  the 

forward  and  reverse  reaction  rate  constants; 
and  /(  [Me]  ,  [Og]  ),  and  /  ( rMe^^O,  ]  )  are 


vdiere  M  is  the  molecular  weight  of  the 
diffusing  product  species,  D  is  its  diffusion 

A 

coefficient  (cm  /sec),  a  la  the  stoichiometric 
coefficient  of  the  metal,  R  is  the  gas  constant 

(cm^  atm/mol*K),  T  is  fiie  temperature  at 
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the  reaction  interface,  (*K),  x  Is  the  thick- 
ness  of  ♦***>  boundary  layer  cf  gas  \cni),  P  Is 
the  bulk  gas  pressure  (atm),  is  the  par¬ 
tial  pressure  of  the  diffusing  species  in  the 

bulk  gas  (atm)  and  is  die  partial  pressure 
of  the  difkising  species  at  the  reaction  inter¬ 
face.  If  the  rate  of  chemical  reaction  at  the 
interface  is  rapid  relative  to  the  rate  of 
diffusion  throu^  the  boundary  layer,  then 

P^  represents  the  equilibrium  prxtial  pres¬ 
sure  of  the  product  species  at  the  reaction 
interface. 

It  is  apparent  that  this  type  of  reaction 
will  be  sensitive  to  the  nature  of  the  flow  of 
gases  around  the  specimen.  Thus,  tmder 
dynamic  flow  conditions,  the  bulk  gas  is 
characterized  by  an  essentially  constant 
temperature  and  composition  to  tur¬ 
bulence  —  the  greater  the  turbulence,  the 
thinner  the  boundary  region.  Boundary  layer 
thickness  can  be  computed.  In  general,  from 
fluid  dynamic  considerations  (References  20 
and  22).  In  an  open  flow  system,  the  bulk 
gas  remains  relatively  unsaturated  widi  re¬ 
spect  to  the  gaseous  product  species;  that 
is,  P.  remains  quite  small  compared  to  P. 

If  P^  is  also  quite  small  compared  to  P, 
then  Equation  5  simplifies  to 


d(m/A)  MOP” 

In  a  closed  flow  system,  the  bulk  gas 
continues  to  recirculate  and  saturate  with 
respect  to  the  gaseous  product  species. 

P|^  thus  iqiproaches  P^  and  the  rate  of  con¬ 
sumption  of  reactant  approaches  zero.  If 
the  bulk  gas  temperature  is  lower  than  the 
temperature  at  the  reaction  Interface,  P|^ 

may  actually  exceed  P^  if  the  thermodynamic 
stability  of  the  gaseous  product  species  in¬ 
creases  with  decreasing  temperature.  As  an 
example,  consider  the  reaction  of  graphite 
at  2100*K  with  hydrogen  at  16.7  atmospheres 
to  produce  methane  (Reference  23).  The 
equilibrium  partial  pressure  of  methane  at 

-2 

the  reaction  interface  is  9.0  x  10  atmos¬ 
phere,  which  also  is  the  iqrper  limit  for  P^^ 

at  2100*K.  At  a  bulk  gas  temperature  of 


1000*K,  for  exanq)le,  equilibrium  partial 
pressure  of  methane  is  2.8  x  10  atmos¬ 
phere.  Thus,  Pj^  can  exceed  P° ,  and  a  steady 

state  condition  is  possible  in  which  carbon 
or  graphite  redeposits  on  the  original  hot 
surface.  The  situation  is  additionally  com¬ 
plicated  in  that  graphite  displays  prefer¬ 
ential  crystallograpMc  sites  for  reaction. 
Thus,  the  hot  surface  available  for  redepo¬ 
sition  may  be  different  than  the  surface 
available  for  reaction  with  hydrogen.  Another 
example  of  a  system  exhibiting  this  tyi)e  of 
behavior  is  the  Pt-0  system  (References  24 
and  25). 

Pressure  experiments,  in  some  ciremn- 
stances,  may  permit  differentiation  between 
rate  Equations  4  and  5  or  6,  since  in  the 
latter  case,  the  effect  of  pressure  on  the 
rate  may  be  in  direct  proportion  to  the 
effect  of  reactant  pressure  on  product  pres¬ 
sure  as  determined  by  the  equilibrium 
expression  for  Equation  1  (References  24 
and  25),  whereas  in  the  former  case,  this 
will  depend  upon  the  nature  of  the  inter¬ 
mediate  species  and  the  type  of  rate  con¬ 
trolling  procer.R. 

Type  of  Process 

For  phase  boundary  and  diffusion  con¬ 
trolled  processes.  Equation  4  takes  the 
following  forms 


Rott  = 


d(iw/A) 

dt 


=  kyC,  (phase  hounwory) 


(7) 


Alt 


(  diffusion  ) 


(I) 


. ^  =  (4)^ 

c  • 

— r—  (intsfstitlol  diffusion)  (9) 
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where  k  is  the  specific  reaction  rats  cou- 
®  -1  2 

stant,  (sec  ),  C_(fiL/cm  )  ib  -e  intermediate 

O  — 


surface  species  concentration,  D _ is  the 

OX 

diffusion  coefficient  of  species  diffusion 


throu^  the  oxide  (cmVsec),AC^^  is  the 

concentration  difference  of  intermediate 
species  existing  across  the  oxide 
phase  (g/cm^),  is  the  oxide  density, 

Mq  Q  is  the  molecular  %  ei^t  ratio 
o  a  b 

of  the  subscripted  quantities,  cuid  and 


are  the  corresponding  quantities  for  inter¬ 
stitial  diffusion  of  oxygen  in  the  metal.  The 
prersure  dependence  on  concentration  in 
each  case  will  depend  on  the  nature  of  the 
intermediate  species  controlling  the  rate 
of  reaction. 


cf  Ac  is  effectively  that  of  either  the  con¬ 
centration  of  anion  vacancies  at  the  oxide - 
metai  interface  or  the  concentration  of 
cation  vacancies  at  the  oxide-gas  interface. 

When  vacancy  formation  is  preceded  by 
oxygen  chemisorption  on  the  surface,  the 
following  ejqiressions  for  pressure  depend¬ 
ency  result  (Reference  16) 

(I.  Anion  vocancy  or  unioniztd  cation 
voconey . 


ACy^  or  ACy 


b.  Singly  loniztd  cation  voconcy 


Pressure  Dependence  on  Concentration 

The  pressure  and  temperature  dependence 
on  the  intermediate  species  concentration 
is  normally  obtained  by  assuming  that  equi¬ 
librium  chemisorption  precedes  the  rate 
determining  step.  For  phase  boundary  re¬ 
actions,  the  intermediate  species  is  chemi¬ 
sorbed  oxygen  and  the  expression  takes  the 
form  (Reference  26) 


c.  Doubly  ionized  cation  voconcy 


.  o  ^ 

/  ^  \  \ 


AC®,  AC'  and  AC"  are  conversion  factors 
(gm/cm^)  and  Kj^,  and  K^'  are  the  re¬ 
spective  equilibrium  constants  for  the  re¬ 
actions: 


where  K  =  ejq)(AS  /R)  e;q)-(AH  /RT)  is 

So  S 

the  equilibrium  constant  for  the  reaction: 

1/2  0„  +  Site  32  Slte”*0.  AS  and  AH  are 
«  8  8 

respectively  the  entropy  and  enthalpy  of 

adsorption,  C®  is  a  conversion  factor 

2  ® 

(gm/cm  ),  and  ideality  is  assumed. 

In  Equation  8,  ransport  of  oxygen  or 
metal  across  the  oxide  is  by  means  of  an 
anion  or  a  cation  vacancy  gradient.  Since 
the  vacancy  concentration  ateither  the  oxide- 
gas  or  oxide-metal  interface  is  usually 
ne^igible  in  the  above  two  cases,  ttie  value 


II)  “i  . 

a. .  Sit*’”0  V||^+M*0  or  Sttf-0  ;;2  0 

i: 

b.  Sift’**  0  ^  ^  in*® 

A" 

c.  Sst*  •••  0  sk  +  ZS  +  MaO 

Equations  10  through  13  are  characterized 
by  the  f&ct  ^hat  the  intermediate  spr  ies 
concentration  governing  the  rate  of  reaction 
is  pressure  Insensitive  at  hig^  pressures 
and  low  temperatures  and  pressure  sensitive 
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at  low  pressures  and  hi^  temperatures  as 
indicated  In  Figure  9.  When  these  transitions 
occur,  the  reaction  rate  constant  and  the 
concentration  terms  in  Equations  7,  8,  and 
9  may  often  ’)e  differentiated  and  enthalpies 
of  adsorption  and  vacancy  formation  may  be 
differentiated  from  the  enthalpy  of  activation. 
Pressure  dependencies  of  the  type  re¬ 
presented  by  Equation  10  have  been  shown 
to  be  exhibited  by  tantalum  (References  10, 
27,  2S,  and  29),  columbium  (References  30, 
31,  3^;,  and  33),  and  tungsten  (References  6 
and  19):  that  of  Equation  11  by  cobalt 
(Reference  15)  and  tungsten  (Reference  19); 
and  that  of  Equation  12  by  nickel 
(Reference  16).  Pressure  dependencies  for 
oxides  different  from  the  type  MeO  may  be 
determined  by  standard  methods 
(Reference  34). 


P  MV  j 

This  reaches  a  limiting  alue  of 

has  an  initial  slope  of  ^^^from  which  the 
value  D/x  may  be  calculated  (Fig.  10). 

For  AF>0  reactions,  if  tb*'  p^  assure 
dependency  is  given  by  Equation  10  for 
example;  the  pressure  of  the  reactor  would 
be  determined  by  the  pumping  speed,  S, 

Q 

(cm  atm/sec)  according  to  (Reference  36) 


iE.  =  -i. 
dt  V 


P 


-Lit 

vLe, 


^  C  ‘ 

M  » 


(15) 


Effect  of  Pressure  on  Reaction  Class 

Composite  effects  will  arise  if  more  than 
one  reaction  occurs,  either  simultaneously 
or  consecutively.  Us-^  of  the  p»*essure  vari¬ 
able  under  these*  c.  r  .  -''stances  will  permit 
separation  of  these  processes  if  their  pres¬ 
sure  dependencies  are  different  at  constant 
temperature  (References  19,  27,  33,  ard  35). 

Influence  of  Reactor  on  Oxidation 
Experiments 


using  Equation  7,  with  the  stoichiometric 
coefficients  a  and  b,  the  molecular  wei^t 
of  oxygen,  M,  the  temperature  of  the  gas, 
T  ,  and  the  reactor  volume,  V. 

s 

This  yields  for  the  reactor  pressure  the 
e}q>ressiou 

(Po  -  P)  ♦  ^  -  P^)  »  (16) 


Equations  4  and  5  should  be  xised  under 
the  assumption  that  an  unlimited  supply  of 
both  metal  and  reacting  gas  comprises  the 
system.  Under  ejqieriraental  conditions  the 
metal  coupon  used  is  generally  small;  how¬ 
ever,  area  corrections  to  account  for  speci¬ 
men  depletion  during  reaction  are  generally 
made  so  that  data  is  normalized  on  an  extended 
area  basis. 

In  a  closed  reactor  (volume  constant),  for 
AF>0  reactions  when  the  pressure  of  re¬ 
actant,  P,  1*.!  large,  the  e^qpression  for  the 
amount  of  solid  reacted  with  time  takes  the 
form 


A  m/A 


P*)IV 

oRTA 


(  I  -  axp 


) 


(14) 


where  P^  is  the  original  pressure  of  the 
reactor. 

The  variation  of  pressure  with  time  is 
shown  in  Figure  11  together  with  weight 
gain  plots  of  pressure  insensitive  (K^  »  1) 

and  pressure  sensitive  (K  «  1)  phase 

D 

boimdary  reactions.  It  is  seen  that  for  equiv¬ 
alent  reaction  times  pressure  sensitive  re¬ 
actions  deviate  from  linearity,  whereas 
pressure  sensitive  reactions  remain  linear 
virtually  t''  exhaustion  of  oxygen. 

Effect  of  Pressure  on  Phase  Stability 

The  effect  of  pressure  on  the  phase  sta¬ 
bility  of  products  of  reaw.’tion  is  well  known. 
It  appears  worthwhile,  however,  to  point  out 
that  the  form  of  rate  equations  will  depend 


30 


ML-TR- 84-162 


on  the  number  and  order  of  product  phases 
formed.  Copper  may  be  used  as  an  illus¬ 
trative  example.  By  referring  to  the  P-T 
diagram  for  Cu-0,  Figure  12,  it  will  be  seen 
that  in  region  1  the  reaction  of  Cuwlth  O  will 
involve  only  evaporation  of  copper  from  the 
surface  with  possible  subsequent  reaction 
to  form  CuO(V)  (Reference  37).  In  region  H, 
the  growth  rate  of  Cu^O  is  parabolic  with 

a  pressure  dependence  of  either  Equation  12 
(Reference  12)  or  Equation  13  (Reference  5). 

In  region  in,  the  overall  rate  is  parabolic 
with  CuO  forming  from  Cu^O.  The  overall 

presswe  dependence  will  be  different  since 
althou^  the  formation  rate  of  CuO  is  prob¬ 
ably  pressure  dependent  according  to 
Equations  11  or  12,  the  Cu^O  formation  rate 

is  now  pressure  insensitive  since  the  defect 
concentration  at  the  CU2O-CUO  interface 

will  remain  essentially  constant.  For  pur¬ 
poses  of  discussion,  the  effects  of  nucle- 
ation  and  growth  of  the  CuO  from  the  CU2O 

phase  have  been  neglected.  Similar  consid¬ 
erations  apply  for  other  metals  although 
most  others  are  considerably  less  stable, 
i.e.,  AF  <<  O  and  lowering  pressure  may 
not  be  expected  to  change  the  number  of 
product  phases  as  '  'lily. 

In  summary,  the  type  of  rate  equations 
encountered  for  various  metal  gas  reactions 
are  presented  in  Table  2.  The  values  of  the 
rate  constants  and  pressure  dependencies 
for  those  metals  which  have  been  woriced 
out  are  given  in  the  Appendix. 

Example: 

The  oxidation  of  molybdenum  and  tungsten 
offers  interesting  examples  wherein  all  of 
the  foregoing  considerations  should  be  taken 
into  account  for  a  complete  analysis. 

At  temperatures  below  the  melting  point 
and  at  moderate  pressures,  both  metals 
oxidize  according  to  the  consecutive  re¬ 
actions 


«•+  O2  —  *••02  {  AF  <0  )  (17) 


0^  —  tl*03(,)  (AF<0)  (18) 


^  n  •**•03)" 

(AH>0)  (19) 


Reaction  (17)  is  diffusion  controlled,  re¬ 
action  (18)  is  phase  boundary  controlled  and 
reaction  (19)  is  gas  boundary  layer  dJfiFusion 
controlled,  whose  rates  are  given  by 
Equations  8,  7,  and  6  respectively.  (See 
Table  2.)  Reactions  (17)  and  (18)  exhibit 
pressure-insensitive  to  pressure-sensitive 
transitions  in  rate  behavior  in  the  case  of  W 
and  probably  in  the  case  of  Mo  (Reference  38) 
according  to  Equations  10  and  9 
(Reference  19). 

For  reaction  (19)  the  rate  of  eviqx>ration 

is  proportional  to  the  partial  pressure 
of  (^^3)^1^*  sccording  to  Equation  6  and 

virtually  insensitive  to  tiie  oxygen  overpres¬ 
sure,  P,  as  given  in  Equation  Sandis  related 
to  the  enthalpy  of  evaporation, 
(Reference  39),  by  the  Clausius-Cl^peyrm 
equation.  The  temperatures  at  which  ttds 
process  becomes  appreciable  at  atmospheric 
pressure,  for  example,  are  from  950*C  to 
1100*C  in  the  case  of  W  and  above  about 
850*C  in  the  case  of  Mo.  It  is  then  that  any 
weight  measurement  will  become  flow  sen¬ 
sitive  either  in  a  flow  reactor  or  by  con¬ 
vective  flow  in  a  closed  system.  The  volatility 
rate  of  trioxide  does  not  necessarily  affect 
the  overall  metal  reaction  rate  but  failure 
to  accoimt  for  tiie  flow  sensitivity  of  tri¬ 
oxide  volatilization  has  given  rise  to  con¬ 
flicting  observations  on  the  reaction  rates 
of  these  two  metals  (References  22,  40,  and 
41). 


31 


ML-TR-64-162 


AffisnoiX 


Rate  Constant  Values  For  Tungsten 

Phott  -  Boundary  Procttt  (  WO2  + 

’■*  « (^)  {-jJ)  '.'t 

AH* 

•  Kp  (S,  /  R  )* 

AhJ 


WO5  ) 


=  7  «  10®  mq/ctn^  hr 


«  45.  9  kcal  /mol* 


«  2.2  X  10" 


*  -  21.  7  keol  /mol* 


Diffusion  Procoss  (  W+Og  — WOg  ) 

,  *  _  /•fe  \  » 


(  hr  )  (”I^)  *  '®**  mg^/cm^hr 


=  68  kcol  /  mol* 


*sp  *;  AS^jj/  R  ) 


>1.133  X  10 


»  -27.6  kcal/ mol* 


Rate  Constants  For  Columbimn 


Oxyg*n-  Oiffucion  Proc**t  (Cb  +  "g*  ®2  CbOy  ) 


0^/2  C|r 


*  2.85  X  10  *  gm/cm^  **o^^ 


«  2a4  keol/mol* 


Phas*  -  Boundary  Procoss  2  (  Cb  Oy  ♦  (““jp"")  ®' 


'*2»5 


*xp  (As^g/R)* 
AHs2* 


*  6.67  X  IO*^mg/cm^  hr 


~  56.92  kcol /mol* 


S  5.7  X  10’ 


*-44.66  kcal /mol* 


*Use  Equation  10. 
*®Use  Equation  11. 
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Phot*  - Boundory  Process  I 


(cbO, 

3..  .  ■0’(^)  ,0’  (^)  CO 


sxp  (AS^, /R)* 

AHs^ 


Oj  -►CI.JO5) 

s  9.66  *  hr 

~  59.52  keol/mols 
‘-I2 

=  4.55  *  10 
:  -50. 1 1  2  keol  /mol# 


Rate  Constant  Values  For  Tantalum 


Oxygon  -  Diffusion 

Procsss 

(t.  ♦  f 

0  ToOy^ 

^  '1' 

=  4.93  X  lO"*  gm /cm^  sst 

s  23.  1  kcal  /mols 

Phass  -  Boundary 

Jk  A  A  A  *0 

1  Tdi  Aw  X  1 

,®Z22.\  0  ^  To  0  ^ 

Kroc#si  ic 

1  1  auy  T  1 

,  4  /  °2  2  5  / 

10’  (JSi-) 

\  gm  / 

s2  s2 

»  6.41  X  lo'®mg/cm*hr 

AH^ 

s2 

s  70.73  kcol  /meis 

sxp  ( 

=  1.19  X  10“** 

AH  * 

s2 

s  -64.0  kcol  /mols 

Phass -  Bounds ry 

Procsss 

j*lfToO^  + 

3.6  *  10’  (-5^)  •  »,  C«  skp(AS/R)=  1.22  *  IO®mg/cm^hr 

\  hr  /  \  gm  /  st  si  si 


Ah  +  AH^  *  18.3  kcQl/mols 

si  si 


*U8e  Equation  10. 

**Rate  constants  not  fully  separable  because  of  the  lack  of  pressture-lnsensitiTe  data  for  this 
process. 
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Rate  Constant  Values  For  Cobalt 

Diffusion  Procsst  ^Co  -f*  H  CoO  ^ 

’•®  ‘  (■^)  '°®(j^)°ox^ox**0/Co0^‘^®  *  3*®®  *  '0*  <  mg^cm^hr) 

:  59.6  (  keel /molt  ) 

sxp  (  As  /R  )*  =  6.  II  X  10'^ 

ox 

AH  *  =  -  17.9  (  kcol  /molo  ) 

ox 

Rate  Constant  Values  For  Nickel 

Diffusion  Proesss  ^  Nl  +  0^  —  *  NiO  ^ 

3.6  X  1C?  (•^)  <0*  ®o«  ^ox  •*0/NI0  ^C®  sxp  (  AS^^  /R  )** 

=  4.9  X  I0~*  (mg^/cm^  hr) 

Ah!^  +  a  H  **  =  50.5  (keol/mols) 

0  ox 


®Use  Equation  11. 
*®Use  Equation  12. 
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TABLE  2.  SUMMARY  OF  RATE  EQUATIONS  ENCOUNTERED  IN  OXIDATION  OF  METALS  SHOWING  TIME  AND  PRESSURE  DEPENDENCY 
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l-'Lower  section  of  furnace  shell 

J— Aiundum  shield 

K— Grain  /  lundum 

L— Furnace  Insulation 

M— Thermocouple  and  power  leads 

N— Upper  section  of  furnace 

0—Sprlng  balance 

P— Suspension  chain 

Q— Stainless  steel  drum 

R— Packing  gland 

S— Packing  gland 

T— Access  opening 

U— Pt-20  pet  Rh  suspension  wire 

V— Access  opening 

Wx  Microscope 

X— Cathetometer 

Y—Observotlon  window 

Z— Sample 
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Figure  1.  Higb  Pressure  Oxidation  Furnace 
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Figure  3.  --^hematic  Arrangement  of  Sample  Thermocouple  and  Shield 
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Figure  4.  Winch  and  W'indow  Block  Assembly 
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Figure  7.  RF  Induction  or  Qri^hlte  Furnace 
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Figure  9.  Plot  of  Pressure  Functions.  Equations  11,  12.  and  13,  Versus  P 
Showing  Range  of  Pressure  Insensitivity  at  Hl^  Pressures  to 
P-1/2,  P-1/4  and  P-l/6  Sensitivity  at  Pressures 
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Figure  11.  Plot  of  Constant  Volume  Reactor  Presstire  and  Specimen  Wei^t 

Change*  with  Time  for  Pressure  Sensitive  and  Pressure  Insensitive 
Phase  Boundary  Reactions 
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Fi)];ure  12.  P~T  Diagram  of  Copper-OT^gen  ^stem  Showing  Regions  of  Phase  Stability 
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INITIAL  STAGES  OF  THE  OXIDATION 
OF  TUNGSTEN  AND  TANTALUM 


D.  W.  Rausch* 
K.  L.  Moc’'jd* 


INTRODUCTION 


The  kinetics  of  the  gaseous  oxidation  of 
metals  have  been  studied  extensively  during 
the  past  several  decades.  Experimental  work 
has  jeen  concerned  largely  with  the  estab¬ 
lishment  of  rate  laws  describing  gross  be- 
havior»  wldle  the  theoretical  work  has  at¬ 
tempted  to  rationalize  these  results  In  terms 
of  reaction  mechanisms  (Reference  1).  Few 
theories  attempt  to  describe  the  mechanism 
for  oxide  films  thinner  than  about  100  A. 
With  the  development  of  the  electron  mloro- 
scope  came  the  opportunity  to  observe  and 
determine  surface  structure  In  much  finer 
detail  (Le.,  to  the  llxnlt  of  resolution,  about 
20  A).  The  experimental  work  which  followed 
greatly  extended  the  knowledge  of  epitaxy  and 
in  a  few  oases  was  concerned  with  the  spe¬ 
cific  problem  of  Initial  reaction  kinetics 
(Reference  2).  This  work  demonstrated 
beyond  doubt  file  critical  role  of  substrate 
topography  (Including  crystallography  and 
local  heterogeneity)  and  contamination  In  the 
initial  reaction  klnetlos  and  nature  of  the 
reaction  product.  More  recently,  the  develop¬ 
ment  of  the  field  emission  microscope  and 
Improved  vacuum  gauges  has  been  responsi¬ 
ble  for  extending  ^e  state  of  knowledge  down 
to  atomic  dimensions.  The  use  of  these 
instruments  has  led  to  a  greatly  improved, 
general  understanding  of  adsorption  and 
atomic  mobility  processes,  and  a  rather 
detailed  understanding  of  these  processes 
involving  oxygen  on  tungsten* 


The  purpose  of  the  present  w.^rk  is  to 
study  that  region  of  the  reaction  between  the 
adsorbed  state  and  the  thin  oxide  film  state, 
Le.,  the  nucleatlon  and  growth  of  oxide  in 
the  initial  stages. 


Previous  Work 

The  gpross  oxidation  behavior  of  tungsten 
has  been  reviewed  recently  (References  3 
and  4)  and  rate  laws  for  the  oxidation  of 
tungsten  (References  4  and  5)  and  tantaliun 
(References  5  and  6)  are  available.  Since 
detailed  and  pirecisely  defined  experimental 
results  of  the  oxidation  klnetlos  of  tungsten 
and  tantalum  in  the  initial  stages  of  reason 
are  not  available,  a  brief  review  of  e3q)eri- 
mental  studies  dealing  with  this  problem  in 
the  oxidation  of  otiier  metals  may  in  order. 

Much  of  the  experimental  work  which  has 
been  carried  out  suffers  from  (1)  a  lack  of 
positive  definition  of  the  Initial  metallio 
siibstrat'^,  (2)  a  difficulty  In  observing  in 
fine-enc’^,'^  detail  the  surface  structure  and 
topography,  (S)  an  Inability  to  achieve  a 
sufilolentty  low  reaction  rate  so  that  the 
initial  stages  can  I'oly  ba  studied  (for  even 

•**6 

at  oxtygen  pressuTb  s  as  low  as  10  mm  Hg 
a  monolayer  of  ga.x  may  be  adsorbed  in  a 
matter  of  seconds),  and  (4)  the  presence  of 
gases  other  than  oxygen.  r9q}lte  these  difii- 
oulties  and  the  resulting  uncertainty  in  Inter- 
protation,  a  number  oi  significant  obser- 
\  Caons  have  been  made.  The  kinetics  of  the 
Initial  reaction  on  copper  has  been  studied 
in  some  detail  (Reference  7).  The  reaction 
is  characterized  by  three  distinct  stages: 
incubation,  nucleatlon,  and  lateral  growth, 
and  after  impingement  and  complete  snrfkce 
coverage,  bulk  growth  pexpendioular  to  the 
surface.  The  apparent  nuclei  on  a 
more-or-less  undefined  **fllm,*»  ana  appear 
simultaneously  on  a  given  crystallographic 
plane.  The  constancy  of  nuclei  density  with 
increasing  reaction  time  and  the  decrease  in 
nuclei  density  with  increased  substrate  tem¬ 
perature  (at  constant  pressure)  lead  to  file 
concept  fi^  each  nucleus  is  surrounded  by 
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a  “zone  of  influence’'  in  which  another 
nucleus  is  not  likely  to  form.  The  extent  of 
such  a  zone  depends  upon  the  rate  of  surface 
diffusion  and  oxygen  pressure.  The  kinetics 
are  markedly  dependent  upon  crystallogra¬ 
phy,  Other  studies  on  copper,  barium,  iron, 
and  nickel  (References  8,  9,  10,  and  11 
respectively)  are  generally  consistent  with 
this  characterization  of  the  oxidation  process. 

The  role  of  siibstrate  dislocations  in  the 
initial  oxidation  process  is  not  well  imder- 
stood  (Reference  2),  However,  it  appears  that 
certain  imp;irities  may  be  required  in  the 
dislocations  in  order  for  them  to  act  as  pre¬ 
ferred  nucleation  sites. 

As  opposed  to  the  lack  of  experimental 
work  on  the  kinetics  of  the  initial  oxidation 
of  tungsten  and  tantalum,  oxygen  adsorption 
and  mobility  on  atomically  clean  timgsten 
have  been  the  subject  of  numerous  investi¬ 
gations  (References  12,  13,  14,  and  15), 
Since  these  studies  have  been  reviewed 
elsewhere  (References  4  and  16)  only  the 
pertinent  expe?  anental  details  and  general 
results  will  be  mentioned  here. 


Primarily  two  ejq>erimental  methods  of 
approach  have  been  used  in  the  studies  of 
oxygen  adsorption  on  timgsten  field  emis¬ 
sion  microscopy  (electron  and  ion),  and 
flash  filament  techniques.  All  of  these  ex¬ 
periments  have  involved  the  deposition  of 
oxygen  on  the  substrate  at  room  temperature 
or  below  and  the  subsequent  reaction  of  the 
contaminated  substrate  in  ultra-high  vacuum 
-9 

(10  mm  Hg  to  several  orders  of  magnltiide 
lower)  at  temperatures  between  4*  and 
~2000*K,  Mobility  experiments  have  gener¬ 
ally  been  carried  out  below  room  temper¬ 
ature,  while  desorption  experiments  involve 
higher  substrate  temperaturesa  Desorption 
experiments  aim  to  relate  desorption  tem¬ 
perature  with  pressure  rise  in  the  vacuum 
system  as  the  reaction  takes  place,  or  with 
change  in  the  electronic  work  function  of  the 
various  crystallographic  planes  on  the  sub¬ 
strate. 

It  has  been  determined  that  two  chemi¬ 
sorbed  monstomlc  layers  are  formed  below 
room  temp»,rature.  About  80  percent  of  the 


first  layer  Is  formed  without  activation  and 
is  generally  immobile.  This  layer  is  charac¬ 
terized  by  a  variation  in  coverage  (l,e., 
surface  density  of  adsorbed  species)  and 
binding  energy  with  crystallography.  The 
average  binding  energy  of  the  first  layer  is 
about  160  Real  per  mole  (subject  to  a 
20  percent  variation).  This  layer  is  stable 
under  hl^  vacuum  to  about  1000*C,  Each 
tungsten  atom  in  the  surface  is  believed  to 
contact  only  one  oxygen  atom,  with  each 
oxygen  atom  contacting  several  tungsten 
atoms.  Such  an  arrangement  permits  a 
second,  less-tightly  bound,  chemisorbed 
layer  on  planes  other  than  the  most  densely 
packed  {lioj  in  body-centered  cubic.  The 
second  layer  Is  considerably  less  stable 
and  is  desorbed  above  300*C  in  ht^  vacuum. 


Additional  molecular  oxygen  may  be  ac¬ 
commodated  in  a  physisorbed  state  at  low 
tempexratures,  but  even  the  complete  second 
chemisorbed  layer  seems  to  be  formed  with 
difficulty  at  room  temperature  (l,e.,  rela¬ 
tively  hl^  oxygen  pressures  are  necessary). 
Above  room  temperature  imdissociated  oxy¬ 
gen  is  believed  to  be  slowly  taken  up  by  the 
chemisorbed  layer  In  a  manner  resembling 
“slow  oxidation,”  Mobility  within  the  chemi¬ 
sorbed  layer  is  observed  at  130*C  and  above. 
Oxidation  and  desorption  apparently  take 
place  simultaneously  abo  v  3  300®C  in  the 

ultra-high  vacuum  environment.  Neither 
nucleation  in  the  chemisorbed  layers  nor 
nucleation  of  a  second  phase  has  been 
observed.  Arguments  have  been  presented 
for  the  existence  of  oxide  microcrystalUtes 
(References  15  and  17),  probably  WOg,  but 

are  not  without  contradiction  (Reference  12). 
A  clear  differentiation  between  the  adsoidied 
state  and  oxidized  state  has  not  been  revealed. 

Tha  Present  Work 

As  compared  to  the  field  emission  work 
described  abov^  (namely,  oxygen  deposition 
at  low  temperatures  and  subsequent  heating 
in  the  absence  of  gaseous  oxygen) ,  the  present 
work  is  concerned  primarily  with  the  course 
of  reaction  on  tungsten  and  tantalum  sub¬ 
strates  above  room  temperature  with  oxygen 
from  the  gas  phase  (i.e.,  conditions  under 
which  appreciable  oxidation  is  expectech* 
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The  field  electron  emission  microscope  Is 
ideally  suited  to  such  a  study  for  the  following 
reasons: 

a.  Electron  emission,  a  result  of  quantum- 
mechanical  tunneling  of  electrons  througlithe 
field  deformed  potential  bar^'ler  at  the 
surface.  Is  dependent  upon  crystallography 
and  is  extremely  sensitive  to  surface 
contamination. 

b.  Atomically  clean  and  reproducible  sur¬ 
faces  can  be  achieved  on  tungsten  and 
tantalum  emitter-substrates  by  heating  to 
temperatures  between  2000*  and  2600*C, 

c.  All  major  crystallographic  planes  are 
present  on  the  approximately  hemispherical 
emitter-substrate, 

d.  Hlgdi  magnification  and  resolution  are 
readily  achieved.  The  Inherent  resolution 
in  the  depth  dimension  Is  one  atomic  layer 
and  about  20  A  in  the  lateral  dimensions. 

e.  Observations  can  easily  be  made  during 
the  course  of  the  reaction  since  the  reaction 
takes  place  in  the  microscope. 

The  major  disadvantage  imposed  by  the 
use  of  the  microscope  is  that  the  size  of 
most  crystallographic  planes  on  the  substrate 
Is  relati/ely  small. 

The  results  and  e;q)erlmental  techniques 
described  in  this  paper  represent  the  initial 
efforts  in  an  experimental  program  aimed 
at  elucidating  the  role  of  substrate  tenqjer- 
ature,  topography,  and  oxygen  pressure  in 
the  kinetics  of  oxidation  In  the  initial  stages. 

EXPERIMENTAL  PROCEDURE 

The  field  electron  emission  microscope 
is  essentially  an  ultra-hl^  vacuum  device 
because  the  field  emitter-tip  (l.e„  the 
metallic  substrate  or  specimen)  Is  relatively 
fragile  and  it  is  easily  destroyed  by  ion 
bo  nuardment.  In  the  presence  of  relatively 
hig^  pressure,  this  destruction  may  result 
from  the  high  electric  field  required  for 
emission.  A  number  of  excellent  reviews 
of  field  emission  and  ultra-hlg^  vacuum 
techniques  arc  available  (References  16,  18, 
19,  and  20)  so  a  brief  description  will 
suffice  here. 


The  vacuum  system  used  In  this  work  is  a 
general-purpose,  all  Pyrex,  ultra-hl^  vac¬ 
uum  system  several  liters  in  volume  larger 
than  the  diffusion  pump.  It  contains  in  series 
a  mechanical  forepum.p,  three-stage  oil  dif¬ 
fusion  pump,  zeolite  trap,  twoBayard-Alpert 
ionization  gauges,  two  liquid  nitrogen  traps, 
and  a  two-filament  gettering  bulb  containing 
a  tantalum-titanium  and  a  molybdenum  getter. 
For  this  work  the  system  is  operated  as  a 
dynamic  system  (l.e.,  it  is  open  to  the 
atmosphere  through  the  forepump)  In  order 
to  r^ldly  pump  out  the  large  amounts  of 
oxygen  required  for  the  substrate  reaction. 
Baking,  outgassing,  gettering,  and  ionization 
gauge  pumping  routinely  produce  vacua  in 

the  low  10  mm  Hg  range. 


The  field  emission  tube.  Figure  1,  is 
constructed  of  a  250  ml  Pyrex  flask  (F) 
containing  on  the  inside  a  transparent 
electrically  conductive  coating  (C)  furnished 
with  an  external  lead  (E).  This  coating,  vdilch 
serves  as  the  anode,  is  covered  by  a  calcium 
tungstate  fluorescent  screen  (S) .  The  emitter- 
tip  (T)  is  welded  to  a  tungsten  loop  (L)  which 
serves  as  the  resistive  heating  circuit  for  the 
tip  through  the  two  external  leads  in  the 
four-lead  graded  glass  seal  (G),  The  re¬ 
maining  two  leads  in  this  seal  are  used 
for  potential  leads  (PL)  in  moasuring  the 
temperature  of  the  tip. 

The  emitter-tip  itself  consists  of  a  short 
length  of  5-mil  diameter  commercial  grade 
tungsten  or  tantalum  wire  which  is  electro- 
lytlcally  polished  to  a  fine  smooth  point 
sufficiently  small  that  it  cannot  be  resolved 
at  500X  (l.e.,  several  thousand  A  in  dimeter). 
After  assembling  the  emission  tube.  Joining 
it  to  the  vacuum  system,  and  attaining  ultra- 
high  vacuum,  direct  currant  from  storage 
batteries  is  passed  through  the  heating 
circuit  in  order  to  out-gas  the  tip-loop 
assembly  and  anneal  the  tip. 

Temperature  is  mepsirred  by  continuously 
recording  the  potential  drop  across  the 
section  of  the  heating  loop  contained  between 
the  potential  leads.  This  potential  drop  l£5 
obtained  as  a  function  of  temperature  by 
potentiometrically  measuring  the  resistance 
of  the  section  of  the  heating  loop  over  a 
range  of  temperatures  measured  optically 
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and  by  assigning  temperatures  to  additional 
resistance  values  measured  below  the  optical 
pyrometer  range  oo  the  basis  of  the  well- 
established  variation  in  the  resistance  of 
timgstcn  with  temperature.  Temperatures 
r^orted  In  this  work  are  estimated  to  be 
accurate  within  ±20*C. 

Two  methods  of  providing  oxygen  for  the 
reaction  are  used.  For  pressures  under 

“6 

10  mm  Hg,  a  silver  bead  (B)  supersatu¬ 
rated  with  oxygen  and  contained  on  a  platinum 
loop  (P)  in  a  side  arm  (A)  is  heated  resist- 
ively  to  release  oxygen.  A  polyethylene- 
asbestos  jacket  is  placed  around  the  sidearm 
and,  prior  to  heating,  is  filled  with  liquid 
nitrogen.  Since  the  silver  bead  cannot  see 
the  tip  (l,e„  substrate),  all  oxygen  evolved 
must  strike  the  cold  walls  of  the  sidearm 
prior  to  entering  the  emission  tube,  and  is 
thvis  purified.  For  oxygen  pressures  of 

10  ®  mm  Hg  and  above,  commercial  grade 
oxygen  is  leaked  into  the  vacuum  system 

from  a  reservoir  at  about  10  mm  Hg 
throxigh  the  diffusion  pump,  zeolite  trap,  two 
liquid  nitrogen  traps,  and  getterlng  region. 

Pressures  were  measured  with  Bayard- 
Alpert  ionization  gauges.  Due  to  the  geometry 
of  the  system,  a  correction  was  £q)plied  to 
such  measurements  when  the  silver  bead 
technique  was  used  in  order  to  account  for 
the  much  greater  flux  of  oxygen  at  the 
emitter-tip  than  at  the  ionization  gauge.  The 
correction  factor  was  determined  by  ob¬ 
serving  the  length  of  time  required  for  the 
emission  pattern  to  change  from  the  clean 
pattern  to  some  arbitrary  state  of  contamina¬ 
tion  under  two  conditions:  reaction  with  a 
relatively  hi{^  and  stable  residual  oxygen 
pressure  (achieved  by  incomplete  removal 
of  oxygen  admitted  from  the  reservoir), 
and  reaction  with  oxygen  from  the  silver 
bead  at  constant  flux.  Assuming,  then,  that 
the  total  number  of  molecules  which  have 
impinged  on  the  surface  is  the  same  in  both 
cases 

PAt  =  KP,  At,  (I) 

where  P  and  t  are  respectively  Ionization 
gauge  pressure  and  time  of  reaccion,  with 


the  subscript  s  referring  to  the  reaction 
using  the  silver  bead,  and  K  is  the  correction 
factor.  Such  a  factor  must  be  determined  for 
each  pressure  level  at  which  the  silver  bead 
is  employed.  The  values  of  K  determined  in 

2  3 

this  work  ranged  between  10  and  10  .  The 
accuracy  of  pressures  corrected  in  this 
manner  is  estimated  at  plus  or  minus  a  factor 
of  throe. 

High  voltage  is  supplied  by  a  0  to  30  kv 
filtered  DC  power  8iq)ply  with  external  line 
regulation.  Applied  voltages  are  measured 
by  a  calibrated  panel  meter  estimated  to 
be  accurate  within  ±2  percent  full  scale. 
A  General  Radio  Company  1230-A  electrome¬ 
ter  measures  emission  currents  between  the 
anode  lead  and  ground.  The  accuracy  of  this 
meter  is  better  than  ±1  percent. 

The  e:q)erlmental  sequence  is  as  follows: 

a.  Clean  tip  by  heating  to  temperatures  above 
20C0*C, 

b.  Cool  to  room  temperature  and  ^ply  field, 

c.  Repeat  “a.*»  and  **b,'*  until  clean  pattern 
is  observed, 

d.  Photograph  emission  pattern  (a  Polaroid 
camex'a  with  close-up  lens  was  used  in  this 
work  with  3000  speed  film), 

e.  Measure  currents  and  voltages,  turn  field 
off,  and 

f.  Heat  tip  to  reaction  temperature  and 
activate  oxygen  flow. 

After  the  desired  reaction  time,  the  oxygen 
flow  is  stopped,  the  tip  cooled  to  room  temper¬ 
ature,  and  toe  above  sequence  with  exertion 
of  step  “a,"  is  repeated.  It  is  necessary  not 
to  apply  tod  hig^  field  to  a  heated  emitter-tip 
during  toe  course  of  reaction  as  drastic 
rearrangement  on  toe  surface  of  the  substrate 
is  noted. 

The  extent  of  contamination  by  residual 
gases  may  be  estimated  from  toe  idnetio 
theory  of  gases  by 

J  »  P(2wmKT)”^,  moleculev  cm”*  tec'*  (2) 
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where  J,  P,  and  m  are  respectively  flux, 
pressure,  and  mass  oi  the  gaseous  species, 
and  k  and  T  have  the  usual  meaning.  Assuming 
the  residual  gases  to  be  oxygen  at 
-9 

P  «=  10  mm  Hg  and  T  *  300*K,  a  mo  lolayer 
would  be  formed  In  about  15  minutes  for  a 
sticking  coefficient  of  0.1  (independent  of 
coverage)  on  a  step-free,  smooth  surface. 
Since  about  one  minute  is  required  at  room 
temperature  between  consecutive  reactions 
in  the  experimental  sequence  outlined  above, 
contamination  by  residual  gases  is  not  very 
extensive.  However,  this  leacti.on  is  checked 
periodically,  independent  of  the  measured 
pressure  of  the  system,  by  permitting  a 
cleaned  tip  to  react  with  the  residual  gases 
and  observing  the  rate  of  reaction  as  mani¬ 
fested  by  changes  in  the  emission  pattern. 

Recovery  of  ultra-high  vccuum  is  essen¬ 
tially  instantaneous  after  the  activation  of  the 
silver  bead  due  to  the  small  volume  ratio  of 
the  emission  tube  to  the  entire  system,  and 
the  large  pressure  gradient  (Indicated  by  the 
large  values  of  K).  After  oxygen  from  the 
reservoir  has  been  admitted  (producing  the 
characteristic  large  pressure  rises  through¬ 
out  the  entire  system).  It  Is  necesssary  to 
activate  the  getters  to  reduce  the  oxygen 

-8 

pressure  rapidly  to  the  10  mm  Hg  range. 

Image  magnification  Is  determined  either 
by  direct  measurement  c  'he  emitter-tip 
radius  In  the  conventional  electron  nolcro- 
scope  or  by  assuming  a  value  of  the  average 
electronic  work  function  of  the  clean  substrate 
(these  values  are  fairly  well  established  as 
4.5  ev  and  4.1  ev  respectively  for  tungsten 
and  tantalum)  and  calculating  the  radius  from 
the  Fowler- Nordhelm  equation  (Refer¬ 
ence  21).  In  either  case  the  magnification  Is 
determined  after  crystallographic  poles  have 
been  determined  in  the  emission  pattern  by 
calculating  the  ratio  of  chord  lengt!^  between 
poles  on  the  pattern  and  on  the  emitter-tip. 
In  the  present  work,  magnification  is  given 
In  terms  of£|^QQ,|the  clmrd  length  or  dis¬ 
tance  between  the  easi'.y  Identified  |l00|  poles 
which  lie  on  a  plane  Intersecting  points  of 
emergence  of  these  poles  on  the  surface  of 
the  tip  and  parallel  to  the  plane  of  the  photo¬ 
graph  (l.e.,  the  central  [liof  plane).  These 
distances  are  estimated  to  be  accurate  within 
a20  percent. 


RESULTS  AND  DISCUSSION 

Figure  2  (a)  and  Figure  2  (b)  are  field  elec¬ 
tron  emission  patterns  from  clean  tungsten 
and  tantalum  emitter-tips  respectively.  The 
shape  of  these  tips  is  essentially  conical  with 
a  smooth  hemispherical  end.  Since  the  radlxis 
ol  this  heiplsphere  is  on  the  order  of  several 
thousand  A,  the  tip  Is  usiially  a  single  crystal. 
One  of  the  unique  features  of  such  a  shape  on 
a  single  crystid  of  this  size  Is  that  all  major 
crystallographic  j^anes  are  present,  llie 
low-index  |il0|,  and  {l00[  planes  In 

body-centered  cubic  crystals  are  the  most 
densely  packed  and  exist  as  fiat  facets  on 
the  surface.  The  regions  surrounding  these 
planes  as  well  as  other  low-index  planes  are 
comprised  of  steplike  terraces  of  low-index 
plane  edges,  with  each  terrace  becoming 
narrower  as  the  distance  from  the  pole  of  the 
low-index  plane  Increases.  Hlgh-ii  lex  planes 
on  the  surface  are  made  up  of  the  edges 
of  low-ltKlex  plane  terraces  and  are  conse¬ 
quently  quite  rough.  Regions  of  transition 
from  terraces  of  one  plane  to  terraoos  of 
another  often  consist  of  rows  of  atoms  pro¬ 
truding  above  their  surroundings  and  con¬ 
tacting  fewer  nel^^ibors  than  other  surface 
atoms. 

Since  the  electronic  work  function  (^ 
varies  from  plane  to  plane  as  a  result  of 
the  different  coordlnatlonp,  electron  enoisslon 
is  a  function  of  crystallography  and  per¬ 
mits  the  indexing  of  the  major  crystallo- 
griq)hic  regions  In  the  emission  pattern. 
Recognition  of  the  twofold  and  threefold 
poles  In  each  of  the  patterns  In  Figure  2 
leads  to  the  Indexing  of  all  other  positions. 
These  are  the  usual  patterns  obtained  from 
drawn  tungsten  and  tantalum  wires  which 
exhibit  marked  jliof  texture.  A  stereonam 
of  the  low-index  poles  In  the  cubic  |ll0[ 
projection  is  given  in  Figure  2  (c).  The 
central,  low-intensity,  hl^^  region  of  the 
pattern  is  <ienoted  as  the  {ll0|  r^on  and 
contains  the  flat  {lio}  plane  at  Its  center. 
The  fourfold  1 100 }  plrnes  are  also  charac¬ 
terized  by  li^w-intensity  electron  emission, 
but  the  |l00|  regions  are  hig^  emissive. 
The  less  densely  packed  {lllT  planes  mani¬ 
fest  their  correspondingly  lower  ^  by  high 
intensity  emission.  Three  low-intensity^  21ll 
planes  appear  around  the  threefold  {ill} 
pole  in  the  tungsten  pattern  but  are  not 
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dJ  scernible  In  the  tantalum  pattern.  Since  the 
group  VI  metals  tungsten  and  molybdenum 
exhibit  identical  clean  patterns  as  do  the 
group  V  metals  tantalum  and  niobium,  the 
differences  in  the  two  types  of  patterns  may 
be  rationalized  in  terms  of  the  effect  of  the 
d-electrons  (Reference  22). 

The  adsorption  of  residujd  gases  at 

_9 

8  X  10  mm  Hg  on  a  tungsten  substrate  t 
room  temperature  is  shown  in  the  seque: 
of  Figure  3.  The  applied  voltage  and  accum 
lative  reaction  time  are  given  for  eat.h 
photograph  in  the  sequence.  Several  obser¬ 
vations  are  noteworthy.  First,  relative 
emission  intensity  in  the  various  regions 
of  the  pattern  is  not  preserved  as  adsorption 
takes  place  (this  corresponds  to  a  dispro¬ 
portionate  change  in^  of  the  various  regions). 
Second,  emission  intensity  changes  gradually 
or  continuously  from  one  region  to  another. 
And  finally,  adsorption  takes  place  quite 
slowly  after  initial  coverage  has  been 
achieved.  Based  on  the  flux  calculation  made 
for  oxygen.  Figure  3  (c)  represents  a  coverage 
of  about  one  layer.  In  view  of  the  known 
difficulty  with  which  multiple  adsorbed  layers 
are  formed  on  tungsten  at  room  temperature 
and  above  and  at  low  pressures.  Figure  3  (d) 
and  (e)  could  not  represent  more  than  several 
layers  on  the  most  heavily  covered  planes. 
At  higher  pressures,  substantial  amounts 
of  adsorbate  are  observed  on  timgsten 
(References  13  and  14)  in  the  undissociated 
physisorbed  state.  The  existence  of  pre¬ 
ferred  sites  for  such  adsorption  is  ^jparently 
responsible  for  a  small  degree  of  hlj^y 
loc^lzed  variation  of  emission  intensity  over 
large  regions  of  the  pattern.  It  should  be 
noted  that  no  such  variation  is  apparent  in 
Figure  3. 

Tantalum  Reactions 

The  emission  patterns  obtained  in  a  series 
of  isothermal  reactions  at~260G*,  830*,  and 
1130*C  are  shown  in  Figures  4,  5,  and  6, 
respectively. 

The  patterns  of  Figure  4  wore  obtained 
during  an  attempt  to  clean  the  substrate  by 
heatings  2600*C.  Patterns  (a),  (b),  and  (c) 
show  the  emergence  and  subsequent  location 
of  a  grain  boundary  which  revealed  itself 


as  a  result  of  evaporation  of  tantalum  from 
the  substrate.  Since  the  position  of  the  grain 
bouiidary  did  not  change  significantly  after 
further  evaporation,  the  surface  of  the  grain 
boundary  is  parallel  to  the  axis  of  the  emitter- 
tip  at  the  emitting  end  of  the  wire.  ITie 
appearance  of  the  clean  tantalum  pattern  is 
verified  by  such  evaporation  patterns.  The 
values  given  for  apply  to  the  distance 

1 100 1  poles  on  the  same  grain. 

Figure  4  (d)  demonstrates  the  effect  of 
residual  gas  adsorption  on  the  substrate 
of  Figure  4  (c).  Flgui*e  4  (d)  resulted  from 
an  eight-hour  exposure  to  the  residual  gases 
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at  a  pressure  of  1  x  10  mm  Hg,  There 
are  several  similarities  between  the  patterns 
obtained  from  tunsten.  Figure  3,  and  tantalum. 
Figure  4  (d).  Gradual  changes  in  emission 
intensity  from  region  to  region  on  a  particu¬ 
lar  grain  are  observed  in  both  cases.  Like¬ 
wise  an  Increase  in  the  average^accompanies 
adsorption  in  both  cases.  This  is  deduced 
from  the  higher  voltage  required  by 
Figure  4(d)  relative  to  4(c)  to  achieve 
only  a  fraction  of  the  emission  curient 
of  4  (c),  (The  emission  current  of  4  (c)  could 
not  be  obtained  in  4  (d)  due  to  a  voltage  leak 
in  the  emission  tube.)  In  Figure  3  the 
Increase  in  is  manifested  by  a  decrease 
in  emission  at  constant  voltage. 

A  dissimilarity  between  the  adsorption 
patterns  of  tungsten  and  tantaltun  is  also 
noted.  Figure  4(d)  exhibits  the  highly  lo¬ 
calized  changes  in  emission  intensity 
mentioned  before  but  not  present  in  Figure  3. 
This  is  indicative  of  the  physisorbed  state. 

Since  the  grain  boundary  of  Flgtire  4 
presented  a  rather  imusual  opportunity  to 
study  its  effect  on  oxidation,  this  tip  was 
subsequently  reacted  with  oxygen  as  shown 
in  Figure  5.  The  reaction  was  carried  out 
-5 

with  oxygen  at  10  mm  and  the  substrate 
heated  to  830*C.  Figure  5  (a)  represents  the 
clean  substrate  after  cleaning  at~2400*C 
at  the  beginning  of  the  reaction.  Flgiure  5  (b) 
exhibits  eight,  randomly  located,  small, 
more  or  loss  circular  and  highly  emissive 
regions,  after  two  minutes  of  exposure  to 
oxygen.  As  opposed  to  the  adsorption 
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patterns,  a  discontinuous  change  In  emission 
intensity  is  iqsparent  between  the  bright  spots 
and  the  adjacent  regions  on  the  substrate. 
Figure  5  (c)  and  Figure  5  (d)  show  the  subse¬ 
quent  growth  of  the  bright  spots  upon  continued 
exposure  to  oxyger^  These  results  may  be 
interpreted  in  terms  of  the  “field  en- 
hancemen!.^*  effect  which  is  discussed  in  the 
following  paragraph  on  the  Important  matter 
of  differentiating  between  the  adsorbed  state 
and  a  crystalline  second  phase. 

Adsorption  from  the  gas  phase  onto  a  clean 
substrate  is  envisioned  as  a  process  com¬ 
prised  of  (chronologically)  weak  physisorp- 
tlon,  diffusion  to  either  desorption  or  trap 
sites,  and  eitlier  desorption  or  chemisorption; 
the  chemisorption  step  being  preceded  by 
dissociation  in  the  case  of  a  polyatomic  gas. 
Trap  sites  are  usually  considered  to  be  sites 
of  local  heterogeneity  such  as  surface  vacan¬ 
cies  and  ledges.  While  certain  regions  on  the 
emitter-substrate  do  possess  a  greater 
density  of  such  sites  (e.g.,  the  roiigh  hig^- 
Index  planes  and  areas  of  transition  from 
one  crystallographic  region  to  another), 
generally  speaking,  these  sites  are  dis¬ 
tributed  more  or  less  randomly  over  the 
substrate.  Since  the  resolutlop  of  the  mi¬ 
croscope  IS  normally  about  20  A  in  the  plane 
of  the  substrate,  the  process  of  chemisorp¬ 
tion  is  characterized  In  the  emission  pattern 
by  gradual  changes  In  emission  Intensity 
with  respect  to  both  time  and  position  on 
the  substrate. 

Physically  adsorbed  molecules,  being  less 
tightly  boimd,  often  ilnd  themselves  pro- 
trudh^  above  the  surface  to  a  greater 
degree  than  chemisorbed  atoms.  Such  a 
protrusion  on  the  surface  may  give  rise  to 
local  field  enhancement  (by  virtue  of  Its 
relatively  small  radius  of  curvature)  and 
resulting  Increase  In  localized  emission  and 
magnification.  The  sligd^t  variation  in  local¬ 
ized  emission  In  figure  5  (d)  Is  probably  the 
result  of  this  efiect. 

Transformation  from  the  adsorbed  state 
to  a  crystalline  second  phase,  however, 
being  a:  firgi-order  phase  transformation.  Is 
accompanied  by  e  decrease  In  the  Gibbs 
free  energy  of  the  system  as  well  as  discon¬ 
tinuities  In  the  first  and  higher  order  deriva¬ 
tives  of  the  free  energy  (l.e.,  entropy. 


enthalpy,  volume,  etc.).  Accordingly,  elec¬ 
tronic  properties  generally  exhibit  a  discon¬ 
tinuity  accompanyiiig  the  transformation,  and 
on  this  basis  a  discontinuity  in  electronic 
work  fimctlon  Is  expected.  Whether  or  not 
such  a  discontinuity  can  be  observed  in  the 
emission  pattern  depends  upon  the  size,  the 
shape,  and  the  position  of  the  volume  under¬ 
going  transformation.  In  general,  a  region 
of  dimensions  smaller  than  the  resolution 
limit  will  not  be  defined  in  the  patteriu 
However,  If  the  shape  of  the  transformed 
volxime  is  such  that  protrusion  above  the 
surrounding  surface  exists,  increased  magni¬ 
fication  resulting  from  field  enhancement 
may  permit  the  observation  of  such  a  discon¬ 
tinuity.  The  net  effect,  then,  is  a  result  of 
the  work  function  discontinuity  and  field 
enhancement,  with  the  latter  usually  pre¬ 
dominating. 

On  Figure  5  the  bright  spots  e>±lbiting 
sharp  emission  dlscontliluify  at  their  per¬ 
iphery  are  interpreted  as  being  the  result 
of  the  lormation  of  a  distinct  crystalline 
second-phase,  l.e.,  oxide  nuclei  or  nalcro- 
crystailltes.  One  of  the  interesting  features 
of  this  sequence  is  that  the  variation  in 
emission  over  the  surface  of  the  substrate 
is  rather  continuous  (except  at  the  periphery 
of  the  nuclei).  This  is  indicative  of  relatively 
low  oxygon  coverage  in  the  adsorbed  state 
after  nucleation  has  occurred.  The  size  of 
the  bright  spots  in  Figure  5  (b)  corresponds 
to  several  hundred  A  in  diameter,  but  cannot 
be  interpreted  as  the  size  of  the  nuclei  if 
field  enhancement  exists.  The  existence  of 
field  enhancement  is  established  in  this  case 
by  the  observation  that  the  relative  size  of 
the  bright  spots  on  a  particular  pattern  is 
not  independent  of  applied  voltage.  (While 
this,  effect  is  net  shown  in  the  pbotogriqjhs 
of  Figure  5,  it  will  be  shown  in  a  subsequent 
reaction.)  On  the  other  hand,  field  enhance¬ 
ment  dues  not  affect  the  measurement  of 
distances  between  nucleating  centers.  This 
distance  iqqKars,  to  be  on  the  order  of 
several  thousand  A. 

At  higher  substrate  temperatures  the  gen¬ 
eral  features  of  the  reaotiun  change  only 
slightly.  However,  his^er  pressures  are 
required  to  achieve  nucleation  of  the  oxide 
in  a  reasonable  period  of  time.  This  may 
imply  that  a  critical  degree  of  surface 
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coverage  is  required  (Reference  23)  and 
that,  as  the  rate  of  desorption  from  the 
surface  increases  at  nigher  temperatures, 
the  length  of  time  to  reach  the  critical 
coverage  alro  increases.  Figure  6  shows  the 
reaction  at  a  substrate  temperature  of 
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1130"C  with  oxygen  pressure  at  10  mm  Hg. 
Again  crystallites  are  observed  to  grow  and 
to  increase  vhelr  number  with  continued 
exposure.  The  pattern  of  6  (b)  la  not  easily 
interpreted  at  this  stage  of  the  experimental 
program,  but  it  strongly  resembles  desorp¬ 
tion  patterns  obtained  by  heating  a  tip,  which 
has  been  satui'ated  at  low  temperatures  in 
ultra-hi^  vacuum  (i.e.,  in  the  absence  of 
an  apprecl''ble  amoimt  of  oxygen  in  the 
gas  phase)  to  temperatures  above  700*C 
(Reference  24).  With  respect  to  the  distinct 
second  phase  observed  later  in  the  reaction. 
Figure  6  (b)  represents  a  state  of  the  surface 
during  an  incubation  period. 

Unfortunately,  emission  currents  became 
dangerously  high  when  the  voltage  o  6(c) 
and  6(d)  was  increased  in  an  attempt  to 
increase  the  emission  from  the  substrate. 
Further  evaluation  of  the  role  of  the  grain 
boundary  was,  therefore,  not  possible. 
Despite  the  appearance  of  Figure  6  (d),  it  is 
not  certain  whether  oxide  grew  across  the 
grain  boundary  or  not.  At  lower  voltages 
many  of  the  irregularly  shaped  oxide  regions 
of  Figure  6  (d)  appeared  to  divide  themselves 
into  approximately  circular  regions.  3uch 
an  effect  would  be  obtained  if  Held  enhance¬ 
ment  (and  Increased  magnification)  existed 
at  two  protrusions  located  close  together.  The 
apparent  absence  of  preferential  oxidation 
at  the  grain  boundary  is  most  likely  the 
result  of  a  local  surface  deficien::y  ox 
oxygen  arising  from  diffusion  into  the  grain 
boundary. 

Another  interesting  feature  of  the  nucle- 
ation  and  growtl  process  on  tantalum  is 
observed  in  Figures  6  (c)  and  6  (d),  i.e.,  an 
Increase  in  field  enhancement  with  in¬ 
creasing  growth.  ITils  phenomenon  is  re¬ 
vealed  by  the  beaavlor  of  the  second  largest 
bright  region  In  Figure  6  (c)  as  it  grows  and 
becomes  the  brightest  region  in  Figure  6  (d). 
The  appearance  of  this  region  in  the  photo¬ 
graphs  of  Figures  6  (c),  6  (d),  and  6  (e)  is  a 
bit  misleading  in  that  a  sharply  defined 
high- intensity  circular  spot  is  observed 


visually,  with  other  less  highly  emitting 
spots  in  its  proximity.  Upon  decreasing 
the  voltage  of  Figure  6  (c),  the  intensity  of 
all  spots  diminishes  until  no  emission  is 
visible  at  16  kv.  After  further  growth 
(Figure  6  (d)),  tlxe  spot  becomes  much  more 
Intense  at  constant  voltage  and  remains 
correspondingly  more  intenso  as  the  voltage 
is  decreased  to  12  kv  (Figurt  3  (e)). 

The  sharply  defined  circular  bright  spots 
are  most  likely  the  result  of  emission  from 
a  protrusion  in  the  shape  of  a  surface  of 
revolution.  For  such  a  protrusion  composed 
of  the  substrate  phase  and  approximated 
by  a  spherical  segment,  a  calculation  of  the 
local  field  shews  that  enhancement  should 
Increase  as  the  radius  of  the  protrusion 
increases  from  6  to  40  A  (on  a  tip  of 
—1000  A  radius),  then  decrease  upon  furtoer 
growth  (Reference  25).  Interpretation  of  the 
present  observations,  however,  must  account 
for  the  discontinxilty  in  electronic  properties 
due  to  the  existence  of  a  second  phase  as  well 
as  the  size  and  shape  effect.  The  observation 
that  some  regions  exhibit  continued  increase 
in  field  enhancement  with  further  exposure 
to  oxygen  may  be  partially  explained  by  a 
relatively  greater  growth  rate  in  a  direction 
perpendicular  to  the  substrate  than  parallel 
to  it  (l.e„  whiskerlike  growth).  Such  growth 
could  also  exqplain  why  some  nuclei  iqxpar- 
entiy  disappear  with  increasing  exposure 
time  (Figure  6  (c)  and  6  (d)).  The  large 
stresses  imposed  by  the  hi^  field  might 
easily  tear  a  fragile  mlcrocrystalUte  from 
the  surface. 

While  the  random  occxirrenco  of  nuclei 
IS  jometlmes  assumed  to  Ha  related  to  the 
random  occurionce  of  dls.  ;ations  on  the 
substrate,  the  presence  of  dislocations  on 
the  substrate  surface  in  the  present  ex¬ 
periment  (Reference  26)  is  imlikel>  due  to 
the  high  annealing  temperature  employed. 
If  the  dislocation  density  of  the  annealed 
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single  crystal  is  taken  as  10  to  10  per 
2 

cm  (Reference  27)  and  the  surface  area 
of  the  observable  portion  of  the  emitter- 
-8  2 

tip  is  taken  as  10  cm  (calculated  from 
the  known  tip  radius),  it  is  apparent  that 
the  probabilify  of  findln  i  dislocation  on 
the  substrate  surface  is  v<,zy  low. 
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Future  ’experimental  work  utilizing  the 
conventional  electron  microscope  may  reveal 
the  true  shi^  of  the  protrusions,  and  with 
tie  aid  of  electron  diffraction  it  may  be 
possible  to  identify  the  second  phase. 

The  above  description  of  tantalum  reactions 
is  characteristic  of  the  high  pressure  experl- 
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ments  (i.e.,  pressures  above  10  mm  Hg). 

—8  —6 

In  the  pressure  range  of  10  to  10  mm  Hg, 
the  description  which  follows  for  tungsten  is 
generally  valid  for  tantalum  as  well. 

Tungsten  Reactions 

The  tungsten-oxygon  reactloi.  >&s  been 
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studied  over  the  pressure  range  of  10  to 
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10~  mm  with  the  substrate  at  temper¬ 
atures  between  30*  and  1200*C.  Each  i^to- 
graphlc  sequence  contains  emission  patterns 
obtained  at  constant  current.  However, 
slightly  different  current  levels  have  been 
used  In  the  various  sequences  In  order  to 
optimize  the  appearance  of  subtle  changes  in 
the  patterns. 

Characteristic  of  the  reaction  on  sub¬ 
strates  below  400*C  are  the  sequences  given 
in  Figures  7  and  8  (at  room  temperature  and 
400*C  respectively).  With  the  exception  of 
Figure  8  (f),  the  reactions  were  carried  out 
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at  an  oxygen  pressure  of  7  x  10  mm  1%. 
Slgnli^cant  differences  between  the  two  reac¬ 
tions  are  not  ^)parerit.  In  both  cases  the 
average  ^  of  the  entire  surface  Increases 
with  time.  And  in  both  cases  an  “end  point” 
in  the  reaction  appears  (Figures  7  (e),  7  (f), 
8  (d),  and  8  (a)),  after  v^ch  changes  tito 
place  very  slowly  (If  at  all)  at  this  pressure. 
Assmnlng  a  constant  sticking  coefficient  of 
0.1,  five  to  ten  minims  should  be  required 
for  the  tightly  bound  layer  to  form  at  room 
temperature  (Figure  7  (c)  and  7  (d).  The 
existence  of  an  “end  point”  signals  the 
attainment  of  a  saturated  state,  l.e„  a 
metastable  equilibrium  between  adsorption, 
desorption,  and  diffusion  Into  the  lattloe. 
The  longer  time  required  to  reach  the  stage 
of  Figure  7  (c)  and  7  (d)  at  400*C  is  a  mani¬ 
festation  of  tlw  smaller  sticking  coefficient 
and  Increased  rates  of  the  thermally  acti¬ 
vated  processes  giving  rise  to  the  •equi¬ 
librium.  In  view  of  the  difficulty  with  which 


the  complete  second  layer  Is  formed  at 
room  temperature  and  low  pressure,  the 
saturated  state  In  this  case  represents  be¬ 
tween  one  and  two  layers.  The  existence  of 
highly  preferred  sites  for  adsorption  Is 
manifested  by  (1)  the  rapid  decrease  of 
Intensity  in  Ihe  atomically  rough  |21l}  re¬ 
gions  and  (2)  the  slight  variation  In  emission 
Intensity  on  a  highly  localized  scale.  The 
latter  effect  is  also  noticed  in  Figure  8  (f), 
which  represents  the  “end  point**  of  toe 
reaction  at  400*C  at  an  oxygen  pressure  of 

-5 

10  mm  Hg.  This  pattern  differs  only  In 
its  clear  definition  and  low  Intensity  of 
low-index  planes  from  toe  corresponding 
pattern  (not  shown)  obtained  at  room  temper¬ 
ature.  In  these  cases,  however,  toe  variation 
In  emission  Intensity  on  a  localized  scale 
is  the  result  of  physlsorptlon. 

ITie  reaction  on  substrates  at  higher  tem¬ 
peratures  is  characterized  by  a  completely 
different  aeries  of  events.  In  toe  first  place, 
a  physically  adsorbed  state  is  not  apparent. 
Even  the  course  of  chemisorption  Is  changed 
and  is  more  difficult  to  analyze  due  to  the 
increased  rate  of  all  thermally  activated 
processes  such  as  diffusion  and  desorption. 

Figures  9  tmd  10  correspond  to  the 
reaction  of  OT^gen  at  pressures  between 

-5  -7 

10  and  10  mm  Hg  on  the  tungsten 
substrate  at  750*C.  Figure  9,  with  oxygen 

_7 

at  10  mm  Hg,  shows  that  toe  reaction 
begins  In  a  manner  similar  to  the  low  tem¬ 
perature  reactions.  This  similarity  is  not 
long  lasting.  Figure  9  (f)  represents  an 
“end  poin^*  under  these  conditions,  as  the 
patteru  and  voltage-current  characteris' ics 
do  not  imdergo  further  change  iqpon  on- 
tinulng  the  reaction.  While  toe  tlf^tly  boi  ind 
layer  is  known  to  be  stable  in  this  temper¬ 
ature  range,  the  extent  and  nature  of 
additional  adsorption  from  the  gas  phase 
is  unknown.  Figure  9  (c)  can  be  identified 
as  the  pattern  corresponding  to  approxi¬ 
mately  one  layer  on  the  basis  of  the  de¬ 
sorption  work  described  in  Reference  15. 
Assuming  a  constant  sticking  coefficient 
aixl  calculating  the  flux  by  Equation  2,  a 
-2 

value  of  10  for  toe  average  sticking  coef¬ 
ficient  is  obtatoed.  Even  if  the  sticking 
e.~J!flclent  remains  unchanged  after  toe  first 
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layer  is  forffied,  not  more  than  several 
layers  could  be  present  on  the  tip 
(Figure  9  (e)).  The  most  outstandirig  feature 
of  the  patterns  in  Figure  9  is  the  absence 
of  emission  discontinuity  on  a  localized 
scale. 

Figure  10  corresponds  to  the  reaction  at 
the  same  temperature  with  the  oxygen  pres- 

-5 

sure  increased  to  10  mm  Hg. 

At  these  higher  pressures,  the  reaction 
apparently  passes  through  the  adsorbed 
stages  of  Figure  9  initially,  passes  through 
the  “end  point**  of  Figure  9  (f),  and  on  to  the 
stages 8ho>fc-n in  Figure  10(c),  10(d),  10(e),  and 
10  (f).  Tlia  localized  emission  discontinuities 
in  the  {ill}  regions  of  these  patterns  must 
be  interpreted  as  being  the  result  of  the 
field  enhancement  effect  at  protrusions  which 
are  very  closely  spaced,  i.e.,  oxide  nuclei 
cr  mlcrocrystallltes,  Nucleation  jq)parently 
takes  place  simultaneously  at  many  sites: 
the  centers  of  which  seem  to  be  space 
about  100  A  apart.  While  growth  from  or. 
crystallographic  region  into  another  is  not 
In  evidence,  nucleation  In  the  {110}  region 
is  observed  after  a  longer  incubation  period 
than  in  the  {ill}  regions.  In  Figure  10  (f) 
most  of  the  current  is  drawn  from  the 
protrusion  giving  rise  to  the  bright  circular 
spot,  thus  permitting  relatively  less  current 
to  come  from  the  crystallites  in  the  {ill} 
region.  The  crystallites  in  the  {110}  region 
exhibit  some  of  the  same  growth  character¬ 
istics  as  were  noted  in  the  tantalum  oxidation, 
l.e„  an  increasing  field  eidiancement  effect, 
an  increase  in  number,  and  the  disappearance 
of  some  crystallites;  thus  indicating  that  some 
nuclei  apparently  prefer  to  grow  away  from 
the  surface. 

A  similar  course  of  events  is  noticed  in 
Figures  11  and  12  for  oxygen  pressures  of 

—7  —6 

10  and  10  mm  Hg  respectively  and  a 
substrate  temperatiire  of  1000*C.  Figure  11 
is  characterized  by  an  “end  point**  and  the 
absence  of  hig^y  localized  emission  dlscon- 
tlntilty.  The  reaction  at  the  higher  pressure 
(Figure  12)  apparently  passes  through  these 
initial  stages,  reaches  a  critical  coverage, 
then  nucleates  oxide  at  hl^ly  preferred  sites 
in  the  {100}  as  well  as  the  {111}  region. 


The  oxidized  state  shown  in  Figure  12  (d) 
may  also  be  achieved  by  heating  (in  the 
absence  of  oxygen  in  the  gas  phase)  a  tip 
which  has  been  oxidized  at  lower  temper¬ 
atures.  Figure  13,  typical  of  such  a  trans¬ 
formation,  shows  a  sequence  of  pattern 
changes  which  resulted  from  the  heating 
of  the  oxidized  tip  of  Figure  10  (f)  at  760*C, 
then  1000*C  in  the  ultra-high  vacuum. 
Figure  13  (a)  is  the  pattern  after  heating 
the  tip  of  Figure  10  (f)  for  23  minutes  at 
750*C.  Figure  13  (b),  13  (c),  and  13  (d)  resulted 
from  additional  treatment  at  1000*C  ofatotal 
of  1,  5,  and  95  nrJnutes  respectively. 
Figure  13  (c)  is  quite  similar  to  Figure  12  (d). 
While  Figure  13  (d)  could  result  from  desorp¬ 
tion  and  evaporation,  the  effect  of  residual 
gases  over  such  a  long  period  of  time  is 
difficult  to  evaluate  and,  hence,  does  not  allow 
an  unambiguous  interpretation. 

To  rationalize  the  occurrence  of  oxide  in 
different  crystallographic  regions  of  the  sub¬ 
strate  as  a  function  of  temperature,  further 
experimental  work  is  required.  The  interpre¬ 
tation  of  such  work  must  take  cognizance 
of  the  variety  of  oxides  which  are  known  to 
exist  in  the  tungsten-oxygen  system  (Refer¬ 
ence  3)  and,  particularly,  the  well-established 
transformations  in  WO_, 

At  higher  oxygen  pressures  (Ue,,  above 

■"6 

10  mm  Hg)^  results  such  as  those  shown  in 
Figiue  6  for  tantalum  are  also  obtained  for 
tungsten.  At  present  it  is  not  possible  to 
fully  interpret  th.'ise  results  because  under 
the  present  experimental  conditions  the 
reaction  is  occurring  too  rapidly  to  observe 
the  Initial  stages.  These  results  are  probably 
the  consequence  of  preferential  growth  of 
oxide  crystallites  normal  to  the  surface  after 
the  surface  is  well  oxidized. 

CONCLUSIONS 

This  work  has  demonstrated  that  the  field 
electron  emission  microscope  is  extremely 
well  suited  for  studies  of  nucleation  and 
growth  in  the  initial  stages  of  oxidation  because 
of  its  inherent  high  resolution,  its  ability  to 
define  atomically  the  cleanliness  of  the 
surface  prior  to  oxidation,  its  extreme  sensi¬ 
tivity  to  contaminants  on  ^e  surface,  and  its 
definition  of  all  crystallographic  planes  and 
regions  on  the  substrate.  While  the  present 
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work  doec  not  permit  a  complete  and  detailed 
description  of  ttie  Intlal  oxidation  kinetics*  a 
number  of  distinguishing  features  of  the 
process  have  been  observed,  and  these 
features  allow  the  following  qualitative  de¬ 
scription. 

The  surface  product  of  the  reaction  of 
gaseous  oxygen  on  txingsten  and  tantalum 
substrates  depends  critically  iqx)n  substrate 
temperature,  crystallography,  and  oxygen 
coverage.  The  nucleation  of  oxide  Is  pre¬ 
ceded  by  adsoiq)tlon  and  may  require  a 
critical  coverage  of  adsorbate.  Growth  of 
these  nuclei  Is  characterized  by  lateral  and 
peri)endlcular  extension.  The  overall  process 
appears  to  be  a  surface  reaction  which  gives 
rise  to  rather  pronoxmeed  protrusions  above 
the  surface. 

The  tungsten-oxygen  reaction  below  400*C 
and  at  oxygen  pressures  as  high  as 

-5 

10  mm  Hg  is  characterized  by  stable 
adsorbed  states  with  no  apparent  tendency 
for  oxide  formation.  At  temperatures  between 
400*  and  1000*C,  an  oxide  Is  nucleated  after 
the  adsorption  of  at  least  a  monolayer, 
Nucleation  occurs  on  preferred  regions  of 
the  substrate.  Initially  |lll|  and  jlOOj, 
depending  upon  substrate  temperatxire.  in 
these  regions,  nuclei  appear  more  or  less 
simultaneously  at  sites  which  are  on  the 
order  of  100  A  sq)art. 

The  general  characteristics  of  the  nucle¬ 
ation  of  oxide  on  tantalum  are  the  same  as 
those  for  tungsten  under  approximately  the 
same  conditions  of  pressure  and  temperature. 

Under  certain  conditions  (i.e.,  the  higher 
pressure  experiments  in.  which  the  pressure 
of  the  entire  vacumn  system  exceeds 

-5 

10  mm  Hg)  the  distribution  of  oxide  crys¬ 
tallites  has  been  observed  to  be  random  over 
a  surface  exhibiting  relatively  low  coverage. 
The  distance  between  adjacent  crystallites 
is  appreciably  larger  under  these  conditions 
than  in  the  lower  pressure  e;q)erlments. 
This  i'esult  is  probably  due  to  contamination 
of  possible  nucleation  sites  on  the  surface 
by  gases  other  than  oxygen  which  were 
present  in  the  system  as  a  consequence  of 
the  experimental  technique  utilized  to  produce 
high  oxygen  pressures.  The  apparent  absence 


of  preferential  nucleation  at  a  grain  boundary 
Is  probably  the  result  of  a  local  deficiency 
of  oxygen  on  the  surface  caused  by  diffusion 
Into  toe  grain  boundary, 
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Figure  2.  Clean  Tungsten  and  Tantalum  Patterns,  and  Standard  Stereographic  Projection 


ig  to  T>2000*C; 


ML-TR-64-162 


(c)  18.0  kv;  T  >  2600*C  for  1  min.; 


(d) 


22.8  kr;  after  emitter-substrate  of  (c) 
had  reacted  with  residual  gases  at 


1  X  10“®  mm  Hg  for  8  hr;  qq  =  9  x  10^  A 


Figure  4.  Tantalum  Evaporation  at  Hig^  Temperatures  and  Reaction  \^th  Residual  Gases 
at  Room  Temperature 
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(c)  ?3,0  kv;  t  ■  6  min«  (d)  23,0  kv;  t  <■  21  min. 


Figure  5.  Isothermal  Tantalum-Oxygen  Reaction  Sequence  for  Substrate  Temperature 
of  830*C  and  Oxjrgen  Pressure  of  10~^  mm  Hg  *  9  x  10®  A) 
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Fismre  7.  Isotherm?'  Tungsten- Ox>gen  Reaction  for  Substrate  at  Room  Temperature  and 

P  ti  3  * 

Ox>'gen  Pressure  of  6  to  T  x  10  mm  Hg  (^jqq  =  4  x  10  A) 
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Figiure  9.  Isothermal  Tungsten-Oxygen  Reaction  for  Substrate  Temperature  of  750  C  and 
Oxygen  Pressure  of  10  ^  mm  Hg  ^  x  10^  A) 


Flsmre  10.  liothermal  Tvuigsten-Oxv’gen  Reaction  for  Substrate  Temperature  of  .50*C  and 
Oxygen  Pressure  of  10  mm  Hg  (■^iqq  ■=  4  "  10  A) 


Figure  11.  Isothermal  Tungsten-Ox>gen  Reaction  for  Substrate  Temperature  of  1000  C  and 

^  ^  3  * 

Ox>’gen  Pressure  of  10  '  mm  Hg  (-^iqq  =  4  x  10  A) 


Figure  12.  Isothermal  Tungsten- Oxygen  Reaction  for  Substrate  Temperature  of  1000*C  and 

3  ^ 

Oxygen  Pressure  of  lO'  mm  Hg  (^j^qq  “=  4  x  10  A) 
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(c)  7.4  ky;  after  additional  8  rniiu  (d)  €.4  kr;  after  additional  166  miu. 
at  1000*C  at  KXHTC 


Figure  IS.  Substrate  of  Figure  10  ^  Heated  in  the  Absence  of  Appreciable  Oxygen  in  the  Qas 

—9  B  8  • 

Phase;  Residual  Gas  Pressure  *  7  x  lO”  mm  (^100  “  ^ 
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I 

i  INTRODUCTION  TO  THE  AFTERNOON  SESSION 

<  I.  Perlmutter 


This  morning  Mr.  Paul  Faust  discussed 
some  of  the  reasons  why  studies  of  the 
oxidation  of  refractory  metals  are  impor- 
I  tant  to  one  of  mankind’s  most  challenging 
frontiers,  the  overall  area  of  Aerospace 
'  Technology.  This  afternoon  we  will  continue 
to  have  an  opportunity  for  discussion  after 
each  paper,  in  addition,  time  has  ?^en  set 
aside  for  an  overall  discussion  period  In 
which  I  would  like  us  to  attempt  to  turn  our 
attention  from  the  specifics  of  individual 
papers  to  the  broader  aspects  of  the  Im- 
■  plications  of  this  work  and  what  we  should 
i;  be  doing  in  the  future.  In  particular,  I  don’t 
think  it  impertinent  for  me  to  suggest  that 
we  extend  our  thinking  beyond  what  would 
4  constitute  additional  good  science  to  a  con- 
'  >  slderation  of  what  are  the  practical  impli- 
[i  cations  of  our  current  knowledge  and  the 
i  i  work  now  going  on,  and  i^at  additional 
^  fundamental  work  mi^t  be  most  likely  to 
yield  practical  implications  in  the  future. 
I.  ask  that  we  prepare  ourselves  to  consider 
and  discuss  questions  such  as  the  followingi 

a.  Where  do  we  stand  with  respect  to  our 
o  verall  understanding  of  the  mechanisms  of 
oxidation  of  these  refractory  substances? 
Is  intensive  further  work  likely  to  yield 

.  information  of  practical  significance?  Are 

I  there  any  major  gaps  in  our  knowledge?  Is 
there  any  need  to  study  oxidation  by  atomic 
or  ionized  species? 

b.  From  our  current  knowledge  of  oxida¬ 
tion  mechanisms  can  we  draw  any  inferences 
of  possible  routes  to  follow  toward  the 
development  of  oxidation  resistant  alloys 

I  or  is  this  a  forlorn  hope  pre-doomed  to 

I  failure?  Must  we  accept  hl^  oxidation  rates 

even  at  moderate  fractions  of  the  melting 
point? 

t 

0.  Does  our  developing  knowledge  about 
high  temperature  oxidation  of  pure  metals 
yield  any  information  of  direct  value  to  the 
problem  of  developing  oxidation  resistant 
coatings? 


d«  Obviously,  we  will,  at  some  stage,  want 
to  intensify  our  study  of  the  kinetics  and 
mechanisms  of  oxidation  of  typical  coating 
systems  relative  to  work  on  the  piire  metals, 
I  take  it  as  self-evident  that  a  backgroimd 
of  studies  on  the  pure  metals  had  to  be 
accomplished  before  we  could  start  to  \mder- 
stand  these  more  complex  systems.  However, 
can  we  draw  even  vague  inferences  relative 
to  the  coating  problem  from  the  work  on  the 
simple  metals?  The  press  of  many  of  our 
development  problems  is  such  that  some 
fundamentally  grounded  inferences,  however 
speculative,  are  better  than  a  completely 
empirical  approach. 

With  this  as  an  introduction,  let  us  proceed 
with  this  afternoon’s  program: 

Where  should  we  be  going  in  the  future 
and  what  inferences  might  be  drawn  from 
this  work,  or  even  of  work  thatmig^tbe  done 
in  the  future?  I  think  that  a  groiq)  such  as 
our  symposium  group  is  exceptionally  well 
qualified  to  accept  this  challenge,  and  to 
have  the  background  and  imagination  to 
speculate  about  the  reduction  to  practice 
possibilities  before  a  relatively  complete 
elucidation  of  the  fundamentals  has  made 
them  self-evident  as  well  as  to  speculate 
about  which  additional  fundamental  inves¬ 
tigations  might  prove  to  have  the  greatest 
practioal  implications.  Don’t  misimderstand 
me,  I  well  recog^ze  the  danger  of  such 
speculation,  and  realize  that  efforts  to  ex¬ 
plore  such  ideas  should  supplement  rather 
than  replace  a  logical,  thorough  and  steady 
development  of  the  ov'^rall  underlying 
science.  I  submit,  though,  that  progress  in 
science  as  well  as  in  technology  would  be 
slow  indeed  if  it  relied  only  on  a  methodioal 
approach.  What,  therefore,  should  be  the 
work  which  the  Air  Force  and  other  agencies 
support  to  make  the  most  rapid  progress  in 
both  a  scientific  and  technological  sense. 

I  should  like  to  offer  some  ideas  of  my 
own,  and  I  do  this  in  the  full  expectation 
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that  you  will  consider  them  as  clay  pig^ns 
to  be  shot  down,  if  you  will.  I  will  also  pose 
some  further  questions. 

I  think  some  work  on  the  oxidation  mecha¬ 
nisms  of  pure  metals  should  continue  with 
emphasis  being  placed  tq>on  determining  the 
kinetics  and  mechaaisms  under  tenqwrature. 
pressure,  flow  rate,  and  time  conditions 
such  as  indicated  earlier  by  Mr.  Faust. 

1  also  believe  that  the  time  has  come  to 
start  studying  the  kinetics  and  mechanisms 
of  oxidation  of  alloys  of  these  refractory 
metals.  Such  work  will,  of  couurse,  benefit 
from  the  knowledge  we  have  gained  from 
the  pure  metals.  Studies  of  alloys  mig^t 
give  us  ideas  for  oxidation  resistant  alloys 
or  components  of  coating  systems.  However, 
which  are  the  most  significant  systems  to 
study  from  either  a  fundamental  or  eventu¬ 
ally,  from  a  practical  viewpoint? 


When  considering  oxidation  resistant  alloys 
or  coatings  we  are  naturally  interested  in 
the  formation  or  deposition  of  an  oxide. 
It  mi^t  be  well  to  undertake  studies  of 
various  l^pes  of  oxide  structures,  similar 
to  toe  molybdates  or  nlobates,  which  mig^t 
be  of  importance  here.  Whenever  we  consider 
toe  formation  of  such  oxides  or  toeir  inter¬ 
action  with  high  temperature  oxidizing  en¬ 
vironments  which  may  include  other  reactive 
components  such  as  water,  we  are  brou^t 
face-to-face  with  the  general  lack  of  high 
temperature  thermodynamic  and  kinetic  data. 
This  overall  lack  has  been  well  recognized 
for  some  years  and  large  amounts  of  effort 
have  gone  into  increasing  the  background 
of  information  here.  However,  the  difficulty 
of  obtaining  such  data,  and  toe  extent  of  data 
which  mig^t  be  useful  if  acquired,  presents 
us  with  an  almost  bottomless  pit  situation, 
and  I  ask  you  to  suggest  which  specific 
kinetic  and  thermodynamic  data  mi^t  be  of 
most  significance. 
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FCXJR  TYPES  OF  OXIDATION  PROCESSES  IN  THE 
OXIDATION  OF  TUNGSTEN 


E.  A.  Gulbransen* 
K.  F.  Andrew* 

F.  A.  Brcssart* 


INTRODUCTION 

A  number  of  studies  have  been  made  on 
the  oxidation  of  tungsten  below  1200‘C.  A 
review  of  these  studies  was  made  by  personnel 
of  the  Westin^^ouse  Research  Laboratories 
and  published  in  1960  (Reference  1). 

Langmuir  (Reference  2)  was  the  first  to 
study  the  reaction  of  tun^ten  with  oxygen 
at  ten^>eratures  above  1200*0.  Timgsten 
filaments  were  heated  electrically  in  low 
pressures  of  oxygen  and  the  reaction  followed 
by  observation  of  the  pressure.  Filament 
temperatures  between  1070*  and  2770*Kwere 
use^  Langmuir’s  results  showed  an  increase 
in  reacti<m  rate  19  to  the  highest  tempera¬ 
ture.  The  rate  of  reaction  was  foimd  to  be  a 
linear  function  of  pressure  below  a  pressure 
-3 

of  10  Torr. 

Perkins  and  Cro(dm  (Reference  3)  used 
a  modified  Langmuir  method  to  stuc^r  the 
oxidation  of  tungsten.  Direct  electrical  heat¬ 
ing  was  used  with  the  rate  of  oxidation  being 
determined  by  direct  measure  of  the  surface 
recession.  One  feature  of  this  woxlc  was  the 
finding  of  a  decrease  in  rate  of  surface 
recession  above  1900*C.  This  inversion,  in 
the  rate  of  surface  recession  was  related 
to  thermal  dissociation  of  tungsten  trioxide. 

Our  study  is  directed  toward  an  under¬ 
standing  of  the  mechanism  of  oxidation  of 
tungsten  from  1150*  to  1615*C  over  a  wide 
presstire  range. 

EXPERIMENTAL 

Kinetic  studies  of  the  oxidation  of  pure 
tungsten  were  made  using  a  sensitive  wei^t 


*Westingtouse  Research  Laboratories 


change  method  and  an  oxygen  consumption 
method. 

Microbalance 

Since  large  wei^t  changes  were  occurring 
during  oxidation  a  gold  plated  Invar  beam 
balance  of  low  sensitivity  was  used.  The 
beam  of  the  balance  was  14.5  cm  long  and 
wei^ied  46  gm.  Calibration  of  the  balance 
ga^  a  sensitivity  of  60  micrograms  for  a 
0.001  cm  deflection  at  7.25  cm  using  a 
weight  of  0.83  gm.  The  specimens  were 
su^nded  using  a  2  mil  nickel-chromium 
alloy  wir.  in  the  cold  zone  and  an  8  mil 
section  of  platimun  wire  in  the  hot  zone  of 
the  furnace  tube. 

Pressure  Measuring  System 

Oi^gen  consumed  in  the  reaction  is  de¬ 
termined  by  measuring  the  rate  at  which 
the  pressure  of  a  calibrated  150  cc  reser¬ 
voir  decreases  as  oxygen  is  leaked  into  the 
reaction  system  to  make  up  for  the  oxygen 
used  by  the  reaction.  The  leak  valve  was 
purchased  from  the  Granville-Philllp 
Company  of  Pullman,  Washington.  The  pres¬ 
sure  change  of  a  reservoir  is  measured 
directly  in  nun  of  Hg  (Torr)  and  the  weight 
of  oj^gen  used  is  calculated  from  the  gas 
laws. 

The  major  difficulty  with  this  method  is 
that  no  distiDctioii  can  be  made  between 
oxj^n  consumed  to  form  an  oxide  film, 
oxygen  consumed  to  form  the  volatile  oxide, 
or  oxygen  absorbed  by  the  furnace  tube. 
A  combination  of  weight  change  and  oxygen 
consumption  mefiiods  enables  one  to  com¬ 
pletely  describe  the  reaction. 
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Fiinuice  Tube*^ 

The  furnace  tubes»  having  an  outside  di¬ 
ameter  of  one  Inoh,  were  of  hlgb  purity 
vacuum  tlg^  alumina  and  were  purchased 
from  McOanel  Porcelain  Company  of  Beaver 
Falls*  Pennsylvania,  The  tubes  were  closed 
at  one  end  and  attached  to  the  vacuum  system 
by  means  of  a  flange  and  a  rubber  0-iing» 
The  balance  housing  and  furnace  tube  details 
are  shown  In  Figure  1. 

One  major  difficulty  was  found  in  using 
ceramic  furnace  tubes  for  tungsten  oxidation 
studies.  Alumina  was  found  to  react  with 
tungsten  trloxlde  vapor  as  shown  by  dis¬ 
coloration  of  the  tube  and  subsequent  crack¬ 
ing.  At  1600*  the  furnace  tubes  crack  after 
exposure  to  tungsten  trioxide  vapors  for 
10  to  15  minutes.  As  a  result  only 
1  or  2  experiments  can  be  made  on  a  given 
ceramic  tube.  At  lower  temperatures  the 
tubes  have  a  longer  life  but  cracking  occurs 
at  all  temperatures  used  in  this  work. 

Kanthal-Super  Furnace  for  1600*C 

With  the  development  of  Kanthal-Supor* 
furnaces  can  be  built  to  operate  at  1600*C 
for  long  periods  of  time.  Kanthal-Super  is 
chiefly  molybdenum  disiliolde  with  a  binder 
and  is  produced  according  to  powder  metal¬ 
lurgical  processes  in  the  form  of  rods  of 
oirciilar  cross  section.  When  heated  the  rods 
can  be  formed  into  suitable  hairpin-shaped 
heating  elements. 

The  specific  resistance  of  Kanthal-Super 
is  low  and  increases  rapidly  with  ten:q>era- 
ture.  For  elements  of  a  6  nam  diameter  a 
current  of  125  to  ISO  amperes  is  required 
for  an  operating  temperature  of  1600*C. 
Since  the  material  is  brittle  and  of  low  impact 
strength  below  1100*C»  it  is  necessary  to 
ke^  ^e  furnace  above  100C*C  or  at  one-half 
of  its  operating  voltage.  The  furnace  is 
10-1/2  inches  square  and  IS  inches  hig^ 
The  hot  space  is  2  inches  square  and  6  inches 
long. 

Temperature  Measurement 

Temperatures  were  measured  using 
Pt/Pt  +10%  Rh  thermocouples.  The  thermo¬ 
couples  were  calibrated  at  seven  points 


between  400*  and  1200*C.  Temperatures  above 
1200\^  were  determined  by  extrapolation  of 
the  calibration  curve. 

When  the  balance  was  used*  it  was  im¬ 
possible  to  measure  the  sample  temperature 
directly.  The  temperature  was  measured  by 
a  thermocouple  placed  inside  the  ceramJ 
tube  near  the  sample.  When  the  oxygen  con 
sumption  method  was  used*  the  thermo¬ 
couple  was  mounted  directly  onto  the  speci¬ 
men.  Comparison  was  made  between  the 
temperatures  on  the  specimen  and  at  a 
point  in  the  furnace  tube  near  the  specimen. 
All  temperatures  were  corrected  to  the 
temperature  at  the  specimen.  The  thermo¬ 
couple  arrangement  is  shown  in  Figure  1. 

Specimens  and  Analyses 

Specimens  were  machined  from  pure  tung¬ 
sten  rod.  They  wel^  about  0.825  gm  and 

2 

have  a  surface  area  of  0.680  cm  .  These 
specimens  have  a  dumbbell  shape  with  hemi¬ 
spherical  ends.  Sharp  edges  were  avoided. 
A  loop  of  platinum  wire  around  smaller 
diameter  of  the  dumbbell-shaped  specimens 
was  used  to  support  the  specimens. 

A  spectTographlo  analysis  of  the  timgsten 
showed  the  following  In  parts  per  miUioni 
Si*  1;  Ti,  <100;  Mn*  <4;  Sb*  <10;  Fe*  8;  Pb, 
<4;  Mg*  <1;  Al*  1;  Nl*  4;  Be,  <1;  Sn*  <4;  Cu* 
1;  Ag*  <1;  Zn,  <10;  Co,  <10;  Cr*  <4;  Ca*  1; 
B*  <4;  Nb,  <100;  Mo,  <100;  V,  <100;  Cd*  <4. 
An  imreacted  specimen  is  shown  in  Figure  2A. 

Specimen  Preparation  and  Pretreatment 

The  pure  tungsten  samples  were  machined 
from  rods  that  had  previously  been  center¬ 
less  ground.  After  the  samples  were 
machined*  they  were  polished  through 
4/0  polishing  paper  and  washed  in  petroleum 
ether  and  pure  ethyl  alcohol.  \^en  only 
pressure  device  measurements  were  made* 
the  samples  were  suspended  from  a  glass 
hook  in  the  top  of  the  balance  chamber. 

Between  successive  experiments  it  was 
necessary  to  bake  the  ceramic  tube  for  about 
twenty  minutes  at  or  sll^tly  above  the  tem¬ 
perature  of  the  next  planned  experiment. 
This  was  necessary  to  avoid  reaction  between 
the  clean  tungsten  sample  and  oxygen 
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released  from  the  tube  during  the  heat-up 
of  the  specimen*  Absorbed  WO^  vapor  was 

also  expelled  from  the  tube  walls  during 
this  tube  pretreatment. 

Performance  of  Furnace  Tubes  and  Vacuum 
System 

The  performance  of  furnace  tubes  at  tem¬ 
peratures  up  to  1175*C  was  discussed  earlier 
by  Gulbransen  and  Andrew  (Reference  4). 
Two  criteria  were  used:  (1)  the  actual  pres¬ 
sure  achieved  at  a  given  temperature  after 
pumping  for  a  definite  period  of  time*  (2)  the 
apparent  leak  rate  of  gases  into  the  closed 

3  —1 

reaction  system  in  units  of  cm  sec  STP. 

Table  1  shows  the  performance  of  a  typical 
alumina  furnace  tube  for  temperatures  be¬ 
tween  room  temperature  and  1600*C«  If  the 
gas  accumulating  in  the  reaction  system 
volume  of  2.6  liters  was  considered  to  be 
20  percent  by  volume  of  oxygen,  an  estimate 
can  be  made  of  the  oxygen  gas  building  up 
in  the  system.  These  calculations  are  shown 
in  Table  1. 

Method 

Experiments  were  run  using  the  Invar 
mlcrobalance  in  combination  w&  the  pres¬ 
sure  measuring  device.  For  runs  in  which 
the  weig^  changes  went  beyond  the  limits  of 
the  balance,  the  pressure  apparatus  alone 
was  used. 

After  the  specimen  was  brought  to  tem¬ 
perature,  pure  oxygen  was  admitted  to  the 
system  from  a  precharged  reservoir  to  the 
desired  pressure.  Weigjht  changes  were  ob¬ 
served  with  a  micrometer  microscope  as  a 
function  of  time.  Pressure  changes  in  the 
reservoir  were  also  noted  as  a  function  of 
time  by  means  of  a  Wallace  and  Tieman 
pressure  gauge.  A  leak  valve  was  used  to 
maintain  the  pressure  in  the  reaction  system, 

RESULTS 

Classification  of  Oxidation  Phenomena 

The  results  of  this  and  earlier  studies  on 
tungsten  may  be  confusing  unless  the  various 
phenomena  associated  with  oxidation  are 


systematized.  Four  basic  types  of  oxidation 
phenomena  occur:  (1)  Below  500*C  oxidation 
results  in  the  formation  of  an  oxide  film  or 
scale  which  adheres  to  the  metal.  There  is 
no  evaporation  of  tungsten  trloalde,  (2)  Be¬ 
tween  600*  and  900*C  oxide  scales  form. 
Large  cracks  appear  in  the  oxide.  Edge 
type  of  reaction  is  prevalent.  Evaporation 
of  tungsten  trloxlde  is  negligible.  (S)  Be¬ 
tween  950*  and  1250*C  oxide  scale  is  formed 
Vidth  large  cracks.  Evaporation  of  tungsten 
trloxlde  also  occurs  udiich  makes  an  analysis 
of  the  oxidation  data  difficult.  (4)  Above 
1250*C  oxidation  occurs  without  formation 
of  an  appreciable  oxide  film  or  scale. 
Evaporidion  of  tungsten  trloxlde  occurs  as 
rapidly  as  it  is  formed. 

This  study  is  concerned  largely  with  Type  4 
oxidation.  It  is  essential  to  first  consider  the 
basic  facts  differentiating  typos  S  and  4. 

Type  3  Oxidation 

Figure  3  shows  a  typical  oxidation  curve 
for  tungstei  n  1150*C  and  19  Torr  oxygen 
pressure.  Curve  A  shows  the  weight  ^in 
measurements  using  the  balance  v^e 
curve  B  shows  the  oxygen  consumption  meas¬ 
urements.  Both  measurements  are  plotted 

in  mg/cm^  versus  time  in  minutes.  Using 
ciurves  A  and  B  the  actual  oxygen  in  the 
oxide  scale  and  the  tungsten  lost  by  evapo¬ 
ration  can  be  estimated.  Curve  C  shows  the 
calculated  oxygen  in  the  oxide  scale;  90  per¬ 
cent  of  the  oxygbn  reacting  remains  as  oxide 
scale  on  the  metaL 

To  relate  the  weig^  gain  in  mgm/cm  to 
oxide  thickness  in  Angstroms,  a  factor  of 
67,500  was  used.  This  factor  was  calculated 
assuming  a  density  of  7J.6  for  tungsten 
trloxlde  and  a  surface  roug^ess  ratio  of 
uidty.  These  calculations  have  three  limita¬ 
tions:  (1)  the  surface  area  changes,  (2)  crack¬ 
ing  in  the  oxide  may  occur,  and  (^  lower 
oxides  may  form.  Calculations  on  Figure  3 

show  a  thickness  of  6,75  xlO^X  or  0.675  mm. 

Fimre  2B  shows  a  ihotograph  of  a  speci¬ 
men  oxidised  at  1150*C  and  5  Torr  oxyg^en 
pressure.  Although  rounded  cylindrical 
specimens  were  used,  large  cracks  developed 
in  tlte  oxide  scale. 
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Curve  B  of  Figure  3  can  be  used  to  cal¬ 
culate  the  weight  of  tungsten  reacting  and 
the  surface  recession  rate.  Surface  reces¬ 
sion  is  defined  as  the  decrease  in  the  dimen¬ 
sion  of  the  metal  as  reaction  proceeds.  The 
wei^t  of  tungsten  reacting  is  calculated  by 
multiplying  the  weight  of  oxygen  used  by  the 
factor  3.83.  This  assumes  the  oxide  is  tung¬ 
sten  trioxlde.  The  surface  recession  in 
angstroms  is  related  to  the  oxygen  reacted 
2 

in  mg/cm  by  the  factor  19»840. 

Another  interesting  calculation  Is  to  com¬ 
pare  the  actual  value  of  tungsten  trioxide 
evaporating  with  the  theoretical  value  for  a 
vacuiun.  Vapor  pressure  studies  of  tungsten 
trioxide  (Reference  5)  were  used  to  calculate 
the  theoretical  value.  Table  2  shows  a  com¬ 
parison  of  the  actual  weig^  loss  to  the 
theoretical  value.  The  result  is  given  as  a 
percentage  of  the  theoretloai  value.  A  — 
centage  of  1.8  was  calculated. 

Type  4  Oxidation 

Figure  4  shows  both  oxygen  consumption 
and  tungsten  weight  loss  curves  for  the 
reaction  at  1250^  and  38  Torr  oxygen 
pressure.  Figure  4  also  includes  the  resifits 
of  the  calculated  weight  losses  of  tungsten 
based  on  the  oxygen  consumption  curves. 
The  agreement  of  the  calculated  values  with 
the  weight  loss  measurements  suf^rts  the 
direct  use  of  the  oxygen  consumption  meas¬ 
urements  to  calculate  surface  recession 
rates.  The  type  of  calculations  made  for 
Figure  3  can  be  applied  directly  to  Figure  4„ 

Figure  5  shows  an  oxygen  consiunption 
curve  for  the  reaction  at  1615*C  and  19  Torr 
oxygen  pressure.  Figure  5  also  includes  a 
wei^t  loss  curve  calculated  from  the  oxygen 
consumption  curve.  Since  the  surface  area 
of  the  cylindrical  specimen  is  changing 
rapidly,  calculations  on  the  surface  recession 
are  more  conq)licated  but  they  can  be  made. 
These  are  not  presented  here. 

Table  2  shows  a  comparison  of  the  theo¬ 
retical  weight  loss  values  with  the  experi¬ 
mental  values  foimd  'or  the  1250*  and  1615*C 
experiments.  At  1  15*C  the  percentage  of 
theoretical  was  0.0026.  This  anal3r8is 
suggests  that  vaporization  of  tungsten  trioxide 


was  net  the  rate  controlling  mechanism  for 
this  temperature  range. 

The  agpreemeot  of  the  experimental  weight 
loss  curves  with  values  calculated  from 
oxygen  consumption  measurements  estab¬ 
lishes  the  following  basic  facts  about  the 
oxidation  mechanism  above  1250*Ct  (1)  tung¬ 
sten  trioxlde  is  formed  directly  in  the  re¬ 
action,  and  (2)  tungsten  triuxide  evaporates 
as  fast  as  it  is  formed. 

The  transition  between  Type  3  and  Type  4 
oxidation  was  not  sharp  and  was  a  function 
of  temperature  and  pressure.  The  transition 
conditions  must  be  established  before  weight 
loss  curves  could  be  calculated  from  oxygen 
consumption  data. 

Effect  of  Temperature 

Figures  6,  7,  8,  and  9  show  the  effect  of 
temperature  on  the  oxl(Wlon  of  tungsten  for 
four  pressures,  5, 19,  38,  and  100  Torr  oxy¬ 
gen  pressure.  The  measurements  cover  the 
temperature  range  of  1150*  to  1615*C.  Due 
to  the  rapid  r  eaction  rates  observed  the 
longest  reaction  time  was  70  minutes.  The 
curves  show  the  rate  of  oxidation  in  terms 
of  wel^t  loss  of  tungsten.  Except  for  the 
very  fast  reactions  at  the  hij^est  tempera¬ 
ture,  Qie  data  were  taken  with  both  the  Invar 
beam  balance  and  the  oxygen  consiimption 
ajjparatus.  For  the  fast  reactions,  only  oxy¬ 
gen  consumption  was  measured.  The  tungsten 
wei^t  loss  curves  were  calculated.  All  data 
were  calculated  on  the  basis  of  the  original 
areas  of  the  BF>ecimen.  The  decrease  in 
reaction  rate  observed  with  time  in  curve  B 
of  Figure  9  at  1615*C  was  directly  related 
to  the  change  in  surface  area  of  the  specimen. 

Figure  2A,  B,  C,  and  O  show  photographs 
of  the  unreacted  and  oxidized  tungsten  speci¬ 
mens.  The  photographs  show  the  Type  4 
oxidation  phenomena. 

Figure  6  shows  the  effect  of  temperature 
for  a  pressure  of  5  Torr.  Linear  wei^t 
loss  curves  were  found  at  all  temperatures 
between  1150*  and  1615%.  The  maximum 
amount  of  tungsten  lost  in  these  experiments 
was  19  percent  of  the  original  sample  weight. 
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Figures  7,  8,  and  9  snow  the  eriect  of 
temperature  at  19,  38,  and  100  Torr  oxygen 
pressures,  respectively.  Curves  A,  B,  and 
C  of  Figure  7  were  taken  with  the  balance 
while  cxirves  D  and  E  were  calculated  from 
the  oxygen  consumption  measurements.  A 
maximum  reaction  of  27.6  percent  was  found 
for  the  1615*C  experiment,  Cui*ve  A  shows 
a  different  time  course  for  the  reaction  than 
curves  B,  C,  D,  and  E,  This  behavior  was 
noted  for  all  of  the  experiments  at  1250*C 
at  pressures  above  5  Torr,  A  basic  change 
in  the  reaction  mechanism  occurs  above 
1250*C  for  oxygen  pressures  greater  than 
5  Toi  r. 

In  Figure  8  curves  A  and  B  were  taken 
using  the  balance  while  curves  C  and  D 
were  calculated  from  oxygen  consiunption 
data.  Curves  C  and  D  show  an  Inversion  in 
the  rate  of  reaction  with  the  1465*C  run 
being  faster  than  the  1615*C  runs.  This  is 
ascribed  to  the  small  temperature  coeffi¬ 
cient  for  the  reaction  and  to  the  difficulty 
of  obtaining  reproducible  results.  Due  to 
the  rapid  rate  of  reaction,  only  two  measure¬ 
ments  were  made  at  100  Torr  oxygen  pres¬ 
sure  as  shown  in  Figure  9,  Forty-four 
percent  of  the  sample  reacted  with  oxygen 
at  1365*C  in  3  minutes. 

Table  3  shows  a  summary  of  the  initial 
rates  of  tungsten  wei^t  loss  taken  from 
large  scale  plots  of  the  data.  Figure  10 
shows  an  Arrhenius  plot  of  the  data.  The 
rate  data  are  scattered  for  the  hl^  tempera¬ 
ture  runs  due  to  the  hlg^  heat  rates  associ¬ 
ated  with  the  reaction.  The  inversion  seen 
in  !•  igure  8  does  not  change  the  implications 
of  Figure  10  which  shows  the  rate  of  reaction 
increases  with  temperature  at  all  pressures. 

The  data  of  Figure  10  were  used  to  esti¬ 
mate  a  heat  of  activation  of  14,300  cal  per 
mole.  Curves  B  and  D  were  drawn  with  the 
same  slopes  as  A  amd  C.  It  is  noted  that  the 
data  at  1250*C  above  5  Torr  oxygen  pressure 
are  not  consistent  with  the  hi^er  tempera¬ 
ture  data.  This  suggests  a  change  to  the 
mechanism  of  oxidation  near  1250*C. 


An  empixdcal  equation  similar  to  that  used 
by  Perkins  and  Crooks  (Reference  3)  was 
used  to  interpret  the  results: 

=  Kp"  e 

dw 

Here  —  is  the  initial  rate  of  tungsten  wei^t 

—2  —1 

loss  in  units  of  gm  cm  sec  ;  AH  Is  the 
empirical  heat  of  activation  to  cal  per  mole; 
P  is  the  pressure  to  Torr;  T  is  the  absolute 
temperature;  R  is  the  gas  constant,  and  K 
and  n  are  constants.  To  determine  n  it  is 
necessary  to  consider  the  effect  of  pressure 
on  the  oxidation  reaction. 

Effect  of  Pressure 

The  effect  of  pressure  on  the  rate  of 
oxidation  is  shown  in  Figures  11  throu^  15 
for  temperatures  of  1150*  to  1615*C,  All 
weight  loss  values  were  calculated  on  the 
basis  of  the  initial  surface  area  of  the  sample. 
Figure  11  shows  the  results  at  1150*C  for 
pressures  of  2  to  49  Torr,  Pressure  has  a 
major  Influence  on  the  rate  of  oxidation. 
For  temperatures  of  1150*C  and  higher, 
pressure  is  the  major  factor  to  determining 
the  kinetics  of  oxidation.  Thus,  in  Figure  11 
a  wei^t  gain  was  observed  for  the  hi^er 
oxygen  pressures  and  a  weight  loss  for  the 
lower  pressures.  Curves  D  and  E  are  of 
Type  3  oxidation  since  tungsten  trloxlde  is 
evaporating  from  the  oxidized  sample. 
Figure  12  shows  the  results  at  1250*C.  All 
experiments  show  a  weight  loss,  with  the 
rate  of  wel^t  loss  increasing  with  oxygen 
pressure.  The  oxygen  atmosphere  was  not 
inhibiting  the  reaction  althou^  the  evapo¬ 
ration  of  WOg  was  probably  slowed  down. 

This  effect  is  discussed  later. 

Figures  13  and  14  show  the  results  at 
1365*  and  1465*C.  Nearly  linear  weight  loss 
curves  were  obsexrved.  Again,  the  strong 
effect  of  pressure  was  found.  Flgore  15 
shows  the  results  at  1615*C.  The  decrease 
to  rate  of  wei^  loss  with  time  can  be  re¬ 
lated  directly  to  the  surface  area  of  the 
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specimen.  The  trend  of  the  curves  in 
Figure  15  shows  the  2  and  5  Torr  runs  oui 
of  line  with  the  general  trend  of  the  results. 
This  is  due  to  a  lack  of  reproducibility  in 
temperature  of  the  sample  or  in  the  flow  of 
gases  in  the  furnace  tube.  No  change  in 
mechanism  should  be  deduced  from  these 
two  curves. 


Figure  16  shows  the  effect  of  pressure 

dw 

on  the  initial  reaction  rate‘s  versus  log 

pressure  plot.  Four  temperatures  were  con¬ 
sidered  in  Figure  16:  1365%  1465%  1545% 
and  1615®C.  The  following  equation  was  de¬ 
rived  from  the  data  of  Figures  10  and  16: 


dW 

dt 


=  1.9  X  10"^ 


,1.1 


e 


14,300 

RT 


This  equation  fits  the  results  for  the  tem- 
peratiure  range  of  1365°  to  1615°C  and  for 
pressures  of  5  to  38  Torr  to  about  10  percent 
accuracy. 

DISCUSSION 


14,300  cal  per  mole  was  found,  while  the 
iruqueiioy  factor  Z  has  the  units  of  grams 
of  tungsten  reacting  per  square  centimeter 
of  area  per  second. 


The  effect  of  pressure  on  the  oxidation 
of  tungsten  was  studied  between  1150°  and 
1615°C.  The  results  could  be  fitted  to  the 

equation  K  =  ap^*^  where  K  is  the  rate  con¬ 
stant,  p  is  the  pressure  in  Torr,  and  a  is  a 

constant.  The  value  suggests  that  the 
reaction  was  nearly  a  linear  function  of 
pressure. 


Combining  the  temperature  and  pressure 
rate  laws,  we  have  the  final  empirical  rate 
equation 


dt 


^  *  1.9  X  !0 


-3  l.l 


14,300 

RT 


Here  ^  is  the  initial  rate  of  reaction  in 

2 

grams  per  sec  per  cm  .  In  terms  of  atoms 
of  tungsten  reacting  we  have  the  equation 


Svimmary  of  Kinetic  Work 

In  our  earlier  studies  (References  1,  5, 
and  the  primary  chemical  reaction  of 
pure  tungsten  was  studied  using  thin  cylin¬ 
drical  specimens.  Above  1250°C  and  at 
pressures  up  to  38  Torr  of  oxygen  the  weight 
change  curves  showed  no  evidence  of  an 
initial  picKvqj  of  oxygen  to  form  an  oxide 
film.  This  does  not  eliminate  the  possibility 
that  an  adsorbed  oxygen  layer  is  formed 
since  the  weight  change  associated  with  an 
adsorbed  oxygen  monolayer  would  not  be 
meas  ired  using  our  present  methods.  The 
observed  weight  loss  curves  were  nearly 
Ixjiear  with  time.  For  a  short  period  of 
reaction  the  data  could  be  fitted  to  the 
equation  W  =  Kt,  where  W  is  the  weight  loss 
-2 

in  mgm.  cm  ,  K  is  a  constant,  and  t  is  the 
time.  For  longer  periods  of  Lme,  surface 
area  changes  occurred  which  decreased  the 
rate  of  weight  loss. 

The  initial  rate  constant  K  could  be  fitted 
to  an  exponential  function  of  temperature, 

i.e.,  K  =  A  heat  of  activation  of 


14,300 

^  =  6.2  X  to'*  p'  '  e”  RT 

This  equation  predicts  a  rate  of  reaction 

at  1615°C  and  76  Torr  of  1.6  x  10^®  atoms 

-2  -1 
cm  sec  . 

Any  proposed  mechanism  must  account 
for  the  following  e^qierimental  facts:  (1)  a 
nearly  linear  dependence  of  the  rate  of  re¬ 
action  on  pressure,  (2)  a  linear  time  depend¬ 
ence  during  the  initial  stages  of  reaction, 
(3)  a  very  low  temperature  dependence  above 
i250°C,  and  (4)  the  very  high  absolute  values 
for  vhe  rate  of  reaction. 

A  surface  reaction  may  be  separated  into 
at  least  five  distinct  processes,  the  slowest 
of  which  determines  the  rate  of  reaction: 
(1)  Trsmsport  of  the  reacting  gas  to  the  sur¬ 
face,  (2)  Chemisorption  of  the  gas,  (3)  Chem¬ 
ical  reaction  at  the  surface,  (4)  Desorption 
of  the  reaction  products,  and  (5)  Transport 
of  the  reaction  products  into  the  bvilk  phase. 
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In  general,  process.'s  1  and  5  are  dif¬ 
fusion  mechanisms  ?•'.!  if  these  are  rate¬ 
controlling,  the  temperature  dependence  of 
the  reaction  rate  may  be  e;q)ected  to  vary 
1/2 

with  T  where  T  is  the  absolute  tempera¬ 
ture.  Further,  surface  reactions  usually 
have  activation  energies  of  >  30  Xcal  per 
mole  while  gas  diffusion  processes  have 
much  lower  values  (Reference  6) . 

The  low  temperature  dependence  of  the 
rate  of  oxioation,  the  linear  time  dependence, 
and  the  pressure  dependence  suggests  that 
for  temperatures  above  1250*C  the  oxidation 
of  tungsten  is  limited  by  transport  of  oxygen 
gas  throu^  the  boundary  layer  of  reaction 
products  to  the  reacting  interface. 

Temperature  Rise  of  Sample 


Because  of  the  rapid  oxidation  reaction 
the  specimen  temperature  will  increase  above 
the  ambient  temperature.  This  can  be  esti¬ 
mated  as  follows.  Consider  a  tungsten  sample 
weig^ng  0.81  gm  and  having  a  surface  area 
2 

of  0.68  cm  reacting  with  oxygen  at  49  Torr 
pressure  at  1465*C.  The  experiment  shows 

-3 

a  wel^t  loss  of  timgsten  of  2.87  x  10 

-1  -3 

gm  sec  •  This  is  equal  to  4.22  x  10 

-2  -1  -5 

gm  of  W  cm  sec  or  2.S0  x  10  moles 

-2  -1 
of  W  cm  sec  . 


The  heat  of  formation  of  WO„,Ah,  , 
at  1700*K  is  -194.75  Koal  per  mole  of  WOg 


(Reference  7).  From  the  same  report  we 
note  the  heat  of  sublimation,  Ah  at 

“wOj 

1500*K  is  121  Koal  per  mole  of  WgOg  or 
40.3  Kcal  per  mole  of  WOg.  If  we  make  a 
heat  balance  of  the  formation  and  evaporation 


processes  we  have 


AH  +  AH 
«W03 


-154.7  Kcal  per  mole. 


We  can  now  calculate  the  net  heat  re¬ 
leased  at  the  sample  as  2.4  cal  per  sec. 
Using  the  value  of  heat  capacity  given  by 
Kubaschewskl  and  Evans  (Reference  8)  for 

-2 

tungsten  as  3.81  x  10  cal/*C/gm  we  cal¬ 
culate  a  temperature  rise  of  63*c/sec  with¬ 
out  radiation  losses. 

To  evaluate  the  temperature  rise  we  need 
to  know  the  heat  losses.  At  1400*C  the  major 
heat  loss  is  due  to  radiation.  Estimates  from 
data  given  by  McAdam  (Reference  9)  shows 
that  natural  convection  plays  a  very  minor 
role  at  1400*C. 

Radiation  losses  can  be  evaluated  using 

Planck»s  equation  h  ~  C  f  (T"^  -  Ta"^. 

^  ^  —2  —1 
>iere  h_  is  the  heat  rate  in  cal  cm  sec  , 
r 

C  is  the  emlssivity,  C  =  1,354  x  10“^^ 
-2  -4  -1  ^ 

cal  cm  deg  sec  ,  T  is  the  sample  tem¬ 
perature,  and  T  is  the  furnace  tube  wall 
& 

temperature. 

Since  the  emlssivity  of  the  sample  and 
walls  differ  we  use  the  following  relation 
to  calculate  an  average  emlssivity  €  , 


^1 

Here- —  is  the  ratio  of  diameters  of  speci- 
^2 

men  and  tube,  Cg  emlssivity  of  the 

ceramic  wall,  and  c  i  is  the  emlssivity  of 

the  sample.  If  e  «  nearly  1  and  if  — =•  is 

^2 

small,  the  second  term  becomes  small  com¬ 
pared  to  the  term-^  ,  For  this  case 

1 

We  will  calculate  the  temperature  rise 
for  two  values  of  the  emlssivity,  l.e„  €  ^  = 

1,0  and  0,50.  The  jQLrst  case  is  when  the 
tungsten  sample  has  a  thin  film  of  oxide  on 
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the  surface,  and  the  second  case  refers  to 
a  brighter  surface.  Using  f  of  1.00  and 

=  1738TC  we  calculate  aAT  of  113“C 
while  using  a  value  of  of  0.50  we  cal¬ 
culate  aAT  for  the  sample  of  207‘‘C. 

Experiments  ^th  the  thermocouple 
mounted  on  the  specimen  showed  temperature 
increases  of  15’  to  20°C,  much  less  than 
those  calculated  above.  The  reason  for  this 
discrepancy  was  not  clear.  Experimentally 
it  was  difficult  to  mount  the  thermocouple 
so  that  the  specimen  temperature  was  actu¬ 
ally  measured.  On  the  other  hand,  no  burnup 
was  observed,  which  suggests  that  the  tem¬ 
perature  coefficient  of  the  reaction  was 
small  or  that  the  calculated  temperature 
rises  were  not  taking  place.  The  effect  of 
temperature  on  the  rate  of  oxidation  between 
1400®  and  1600“C  was  small  which  limits 
the  reaction  and  prevents  burniq). 

Decrease  in  Surface  Recession 
Rates  Above  1800®C 

Perkins  and  Crooks  (Reference  3)  have 
reported  that  the  rate  of  weight  loss  of 
tungsten  in  air  at  1  to  15  Torr  oxygen  pres¬ 
sure  decreases  above  1800'’C.  These  experi¬ 
ments  utilize  observations  on  the  diameter 
of  rods  imdergolng  reaction.  Perkins  and 
Crooks  relate  this  Inversion  to  a  thermal 
dissociation  of  tungsten  trloxide.  Two  facts 
suggest  that  these  results  must  be  accepted 
only  with  reservations.  First,  thermochem- 
ical  calculations  based  on  the  d-ita  of  King 
et  al.  (Reference  10)  show  thac  all  the  tung¬ 
sten  oxides  are  stable.  Second,  Langmuir 
studied  the  oxidation  reaction  for  pressures 
in  the  micron  range  where  tin?  effect  of 
oxide  dissociation  would  be  mov‘;  readily 
observed.  Using  a  pressure  chatige  method, 
Langmuir’s  results  show  no  indication  of 
an  inversion  in  the  rate  of  reaction  at 
1800“C.  It  would  appear  that  the  direct  meas¬ 
urement  method  should  be  investigated  and 
tbf>  results  compared  to  oxygen  consumption 
Ji  weight  loss  measurements.  One  expla¬ 
nation  for  the  decrease  in  i  ate  of  reat^on 
observed  by  Perkins  and  Crooks  (Reference  3) 
is  that  the  boundary  layer  resistance  to 
diffusion  changes  with  temperature.  It  is 
possible  ihat  the  molecular  species  WgOg, 


WOg  change  with  increasing  temperature 

to  give  more  WO^  which  would  provide  a 

more  effective  barrier  for  oxygen  to  diffuse 
to  the  reacting  interface. 

SUMMARY  AND  CONCLUSIONS 

The  reactions  of  tungsten  with  oxygen  as 
a  function  of  temperature  and  pressure  vary 
greatly.  Four  types  of  behavior  were  noted: 

(1)  formation  of  a  protective  oxide  film, 

(2)  formation  of  a  nonprotective  oxide  scale, 

(3)  simultaneous  formation  of  an  oxide  scale 
and  vaporization  of  tungsten  trioxide,  and 

(4)  formation  of  tungsten  trioxide  gas  without 
formation  of  an  appreciable  oxide  film  or 
scale. 

Types  3  and  4  oxidation  curves  were 
studied  ill  detail  by  both  the  weight  change 
method  nd  oxygen  consumption  measure¬ 
ments.  _)Oth  measurements  are  required 
for  type  3  oxidation  curves  to  determine 
the  course  of  the  reaction.  Above  1250“C, 
all  of  the  oxidation  rate  curves  fallowed 
Type  4  behavior.  Erqperiments  on  Type  4 
oxidation  curves  showed  that  surface  re¬ 
cession  values  could  be  obtained  directly 
from  weight  change  measurements  or  by 
calculation  from  oxygen  consumption  meas¬ 
urements. 

The  effect  of  temperature  on  the  oxidation 
of  tungsten  was  studied  for  four  pressures 
over  the  temperature  range  of  1250®  to 
i615*C.  The  initial  rate  of  weight  loss 
values  followed  an  exponential  function  of 
temperatuie.  A  heat  of  activation  of 
14,300  cal  per  mole  was  estimated. 

A  study  of  the  effect  of  pressure  also 
was  made.  The  following  rate  law  was  found 

to  fit  the  data,  K  =  ap^’^. 

The  following  empirical  rate  law  eqxmtion 
was  determined  for  the  data: 

14  300 

^  =  1.9  X  10"®  p*  '  e‘  RT 

Of 
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An  analysiB  was  made  of  the  kinetic  data 
and  the  seyeral  possible  rate  limiting  pro¬ 
cesses,  It  was  proposed  that  for  tempera¬ 
tures  above  1250*C  and  for  oxygen  pressures 
above  5  Torr  that  the  rate-limiting  process 
is  the  transport  of  oxygen  throtig^  a  boundary 
layer  of  gaseous  reaction  products. 

An  analysis  made  of  the  heat  effects 
a8aociai.ed  with  the  hig^  rates  of  oxidation. 
For  the  oxidation  at  1465*C  and  49  Torr 
oxygen  pressure  the  ejqperimerjial  value  for 

-S 

the  tungsten  weight  loss  was  4,22  x  10 
*“S  ••1 

gm  cm  sec"  ,  The  heat  rate  fur  Uiis  rafe 
of  reaction  was  2,4  cal/sec.  Assuming  the 


heat  was  removed  by  radiation«  a  tempera¬ 
ture  rise  of  11S*C  must  result  if  the  tungsten 
surface  was  assumed  to  have  an  emissivity 
of  one.  The  hi|^  heat  rates  associated  with 
tile  rapid  oxidation  reaction  may  account 
for  the  scattering  in  the  experimental  re¬ 
sults, 
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TABLE  1 


PERFORMANCE  OF  ALUMINA  FURNACE  TUBE  AS  FUNCTION  OF  TEMPERATURE 


Temp. 

*C 

Initial 

Press.  (Torr) 

Apparent  Leak  Rate 
cm^  sec"*  STP 

Qi^gen  ECj^oivalent  at 

20%  of  gas  gm  sec"^ 

R.  T. 

1  X  10"® 

1.487  X  lO"*^ 

0.385  X  10"^® 

1400 

1  X  10"® 

7.18  X  lO"*^ 

1.86  X  10"^® 

1500 

1  X  10~® 

14. 87  X  lO"”^ 

3.85  X  10"^® 

1600 

8  X  10"® 

9.84  X  10"® 

2.  55  X  10"® 

TABLE  2 

COMPARISON  OF  ACTUAL  TUNGSTIC  OXIDE  LOST  WITH 
THEORETICAL  VALUE  IN  VACUUM 


Experimental 

Conditions 

Weight  Loss  of  WO3 
in  Time  t 

Percentage  of 
Theoretical 

Temp. 

“C 

Pressure 

Torr 

Time  t 
Seconds 

Exptl. 

gm/cm2 

Theor. 

gm/cm^ 

1150 

19 

3900 

0.044 

2.4 

1.8 

1250 

38 

720 

0. 150 

6.5 

2.1 

1615 

19 

480 

0. 340 

12900 

0.  OO****^ 

TABLE  3 


SUMMARY  OF  OXIDATION  KINETICS 


Temp. 

10^ 

Rate  (gm/cm^/sec  x  10^)  of  Weight  Change 
at  Pressure  (Torr) 

'C 

iAk 

2 

5 

9.5 

15 

19 

38 

49 

100 

1150 

7.027 

-0. 17 

-0. 19 

40.21 

40. 39 

0.37 

... 

1250 

6.566 

-0.54 

-0.89 

-1.08 

-1.33 

-2.1 

-1.1 

-3.4 

1300 

6.357 

— 

— 

-2.2 

-2.8 

— 

— 

- — 

1365 

6. 105 

-0.  53 

-1.3 

-2.6 

— 

-6.1 

-10.7 

-15.0 

-42, 5 

1400 

5. 978 
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Figure  3.  Oxidation  of  Tvmgsten,  1150’C,  19  Torr 
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Figure  5.  Oxidation  of  Tungsten,  1615*C,  19  Torr 
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Figure  7.  Effect  of  Temperature  on  Oxidation  of  Tungsten,  1250®  to  1’315®C,  19  Torr  Og 
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Figu  9.  Effect  of  Temperature  on  Oxidation  of  Tungsten,  1250*  to  1365*C,  100  Torr  0^ 
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Figure  10.  Log  dW/dt  vs  l/T,  1250“  to  1615*C,  5  to  100  Torr  of  (A-5  Torr  .  B-9.5  Torr  O^. 

C-IP  Torr  0„  ,  D-38  Torr  0„  ,  E-lOO  Torr  O.  Ah  all  curves,  14,300  cals/mole) 
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Figure  11.  Effect  of  Pressure  on  Oxidation  of  Tungsten,  1150®C,  2  to  49  Torr  0 
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Figure  12.  Effect  of  Pressure  on  Oxidation  of  Tungsten,  1250*0,  2  to  100  Torr  0^ 
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Figure  14.  Effect  of  Pressure  on  Oxidation  of  Timgsten,  1465“C,  2  to  38  Torr  ©2 
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Figure  15.  Effect  of  Pressvire  on  Oxidation  of  Tungsten,  1615°C,  2  to  38  Torr 
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Figure  16.  Effect  of  Pressure  on  Initial  Rate  of  Oxidation  of  Tungsten 
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THE  REACTIONS  OF  GASEOUS  SYSTEMS  WITH 
TUNGSTEN  AT  ELEVATED  TEMPERATURE 

George  R.  St.  Pierre  • 
and 

Rudolph  Spelser* 


INTRODUCTION 

The  destruction  of  tungsten  in  gaseous 
environments  at  elevated  temperature  has 
been  studied  extensively  (Reference  1).  In 
an  eiixUer  paper  of  this  report.  **  the  authors 
review  hig^-temperature  techniques  useful  in 
studying  refractory  metal  systems.  In  this 
paper,  experimental  data  is  presented  to 
demonstrate  the  processes  of  oxidii^tion  and 
vaporization  of  tungsten  operative  in  the 
W-O-H  and  W-O-C  systems. 

Fortunately,  the  thermodynamic  properties 
of  the  condensed  phases  of  the  tungsten- 
oxygen  system  are  well  known  (Reference  2). 
Figure  1  shows  the  tungsten-oxygen  pha^ 
equilibria  at  low  temperature.  Although 
"W3O**  has  net  been  isolated  as  a  stable 
phase  at  an  atmospheric  pressure  of  one 
(Figure  4),  it  is  shown  in  another  paper  in 
this  symposiiun.  On  Figui'e  2  aro  shown  the 
CO2-CO  ratios  for  stabilities  of  the  tungsten 
oxides  at  higher  temperature.  The  WC  Reid 
is  outlined  for  comparison.  The  lines  bounding 
the  WC  field  are  calc^llated  from  the  heat 
of  formation  determined  by  Huff,  Squitiexi, 
and  Synder  (Reference  4).  The  recent  work 
of  Gleiser  and  Chlpman  (Reference  5)  on  the 
free  energy  of  formation  of  WC  is  in  agree¬ 
ment  with  the  lines.  The  line  of  W-WO2 
coexistence  has  been  determined  with 
CO-CO2  gas  mixtures  \q}  to  about  1225*C 
(Reference  2).  Above  1225*C,  Ebihara  (Ref¬ 
erence  10)  foxmd  that  it  was  Impossible  to 
equilibrate  W  and  W^  with  CO-CO2  g»s 
mixtures.  From  122a  to  1450*C,  it  was 
foimd  that  tungsten  metal  remained  bright 
in  C02’-C0  atmospheres  that  would  be 


expected  to  develop  oxide  scales.  Further¬ 
more,  tungsten  specimens  suspended  on  a 
balance  arrangement  exhibited  rapid  weight 
loss  in  this  range.  Surprisingly,  it  was  found 
that  the  tungsten  specimens  did  not  lose 
wei^  't  until  a  eulRciently  hig^  CO2-CO  ratio 
was  achieved.  At  a  critical  ratio  the  weight 
loss  became  quite  large.  In  every  case  it 
was  possible  to  stop  the  loss  of  weight  by 
reducing  the  C02‘‘C0  ratio  to  a  point  below 
the  line  shown  on  Figure  2.  The  line  between 
W  and  the  gas  Rel  1  should  not  be  Interpreted 
as  an  equilibrium  effecL  In  all  probability 
the  line  drawn  represents  only  the  condition 
at  which  the  kinetic  rate  of  formation  of  a 
complex  W-O-C  gas  species  rapidly  in¬ 
creases.  Clearer  examples  of  this  behavior 
will  be  shown  for  the  W-O-H  system.  Un¬ 
fortunately,  the  conqMsition  and  structure  of 
the  W-O-C  gpus  molecule  remain  undeter¬ 
mined.  Certainly  it  is  not  the  carbonyl, 
W(CO)0,  at  such  a  hig^  temperature.  O^ 
carefiii  molecular  mass  determinations  can 
resolve  the  uncertainties  here. 

SCALE  FORMATION  ON  TUNGSTEN 

The  solubility  of  oxyg^  in  tungsten  is 
known  to  be  extremely  low.  In  f^t  it  is 
impossible  to  detect  any  changes  in  the 
measurable  properties  of  tungsten  associ¬ 
ated  with  o^^gen  saturation.  Therefore,  the 
oxidation  of  tungsten  can  be  considered  to 
begin  with  condensed  oxide  scale  formation 
and/or  conq»lex  gas  species  formation*  The 
studies  of  Webb,  Norton,  and  Wagner  (Ref¬ 
erence  6),  Gulbransenano  Andrew  (Reference 
7),  Meuli  and  l^retnak  (Reference  8),  and 
Perkins  and  Crooks  (Reference  9)  have 


*George  R.  SL  Pierre,  Junior  Member  AIME,  and  Rudolph  spelser.  Member  AIMS,  are 
Associate  Professor  and  Professor,  respectlvelyc  in  the  Department  of  Metallurgplcal  Engi¬ 
neering,  The  Ohio  State  University,  Columbus,  Ohio. 


**See  **Methods  for  Studying  Hig^  Temperature  Oxidation  Reactions,*'  Figure  4. 
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demonstrated  many  of  the  rate  character¬ 
istics  at  moderate  to  very  high  temperature 
and  moderate.  .001  atmosphere,  to  hl^ 
oxygen  pressure.  Figure  3  presents  data  at 
very  low  effective  oxygen  pressures  obtained 
at  Ohio  State  University  by  W,  T.  Eblhara 
(Reference  10).  The  upper  four  curves  are 
for  CO2-CO  ratios  In  the  W18O49  range. 
The  lower  two  curves  were  obtained  under 
conditions  for  which  only  WO2  con  form. 
The  curves  shown  In  Figure  3  and  data 
obtained  at  other  temperatures  and  pressures 
establish  the  protective  behavior  of  WO2. 
The  rate  of  growth  of  the  coherent  WO2  layer 
on  tungsten  under  these  conditions  can  be 
given  in  terms  of  a  parabolic  rate  constant. 
On  the  other  hand  the  ^^3049  which  fonns 
on  WO2  in  these  cases  la  nonprotectlve. 
The  Wig04g  forms  whiskers  wlilch  afford 
no  barrier  to  continued  penetration  of  oxygen 
to  the  W02-Wig049  Interfaces.  For  the 
conversion,  W02-Wjg049,  a  linear  rate  con¬ 
stant  can  be  presented.  Long  oxidation  runs 
established  that  the  transport  of  tungsten 
through  the  WO2  lattice  is  much  greater 
than  that  of  oxygen.  Following  the  classical 
procedure  developed  by  Wagner,  a  defect 
model  of  the  WO2  lattice  Is  determined.  The 
model  is  that  WOg  is  a  tungsten-deficit, 
cation-hole  structure.  With  each  cation  va¬ 
cancy  (missing  W^  ion)  there  are  associated 
four  single  electron  holes  to  maintain  elec¬ 
trical  neutrality,  l.e.,  the  defect  structure 
may  be  considered  to  consist  of  missing 
W^  Ions  and  W^  Ions  In  the  ratio  of  one 
to  fou ’.  With  this  model,  a  mass  action 
expression  can  be  derived  for  the  dependence 
of  the  cation  hole  concentration  on  oxygen 
pressure.  Consider  the  reaction: 


K 


'□  + 


(2) 


Equation  2  Is  based  on  the  following  assump¬ 
tions:  (1)  the  composition  of  the  oxide  does 
not  deviate  greatly  from  stoichiometric  WO2; 
(2)  the  oxygen  pressure  Is  low  enough  for 
ideal  gas  behavior  to  be  assumed]  and  (3)  the 
activity  behavior  of  □+  and  De  follow 
Henry’s  Law  within  the  homogfeneity  range 
of  interest.  All  of  these  assumptions  are 
quite  reasonable.  Equation  2  may  be  reduced 
further  by  noting  that 

+  • 

From  which. 


4-/P0J- 


The  concentration  of  cation  holes  may  be 
given  by 


c 


□  + 


K 


1/5 


(3) 


The  unidirectional  flux  of  tu.igsten  through 
the  WO2  layer  may  be  written  as  a  first 
order  equation  in  the  cation  bole  concentration 
in  accordance  with  the  representations  of 
Flek’s  First  Law: 


J 


W 


(4) 


5W^  402^^,=  0^4+  ■*-4a,.4-W02 

where  represents  a  cation  vacancy  and 
□q.  represents  a  W^'*’  Ion.  For  reaction 
(1),  an  equilibrium  constant  may  be  written* 


In  Equation  4,  concentration  Is  expressed  in 
number  of  vacancies  per  unit  volume,  x  Is 
the  distance  measured  In  the  direction  of  the 
unidirectional  flux,  O  Is  the  phenomenological 
diffusion  coefficient  defined  by  Equation  4, 
and  Is  the  unidirectional  flux  of  tungsten 


•The  standard  states  chosen  are  the  following:  For  W^,  stoichiometric  WO,  at  1  atm 
total  pressure]  For  O2,  diatomic  oxygen  at  unit  fugadty;  For  □  4,  the  Infinitely  dilute 
solution  of  cation  vacancies  In  stoichiometric  WO2  at  1  atm  total  pressure]  For  □  ,  the 
infinitely  dilute  solution  of  W^'*’  Ions  in  stoichiometric  WO2  at  1  atm;  For  WO2.  stoichio¬ 
metric  WO2  at  1  atm  pressure. 
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through  the  oxide,  ii  ^  designates  the  thick¬ 
ness  of  the  WO2  layer  pt  any  time,  then 


Equation  9  can  be  combined  wiin  nquawon  c 
to  eliminate  vacancy  concentrations. 


w  d  t  w  *  *4  V 


d*  ^*4 


where  Cw  Is  the  concentration  of  tungsten 
in  the  oxide  expressed  in  atoms  per  unit 
volume.  The  distance  x  in  Equations  4  and 
5  is  measured  from  the  metal-metal  oxide 
interface.  Equation  5  simplifies  when  it  is 
recognized  that  can  be  taken  as  constant 
through  the  oxide.  Furthermore,  the  variation 
of  D  with  C  □  +  can  be  neglected.  From  the 
foregoing  statements  it  follows  that 


2k'd  _  pi  1/5, 


Pq^  and  POg  jre  the  oxygen  pressure  at 

the  WO2  oxidizing  interface  and  the  equillb- 
riiun  oxygen  pressxxre  for  coexistence  of 
W  and  WO2.  respectively.  A  “parabolic  rate 
constant*’  can  be  defined 


2K'  D 


is  constant  within  the  oxide  and 

_  iw  .  _  Cg-f  ~^a^-  .gj 

d«  '  D  ■  f 

where  C*q+  and  C^q+  are  the  vacancy  con¬ 
centrations  at  the  oxidizing  interface  and  at 
the  metal  interface,  respectively.  Equations 
5  and  6  can  be  combined  to  yield  the  dif¬ 
ferential  equation  for  parabolic  behavior. 


c  -  0  g-*- 

c-w  df  °  e 


fdC  -  D  .  df 


and  for  4  >=  0  at  t  =  0 


For  a  fixed  oxidizing  atmosphere,  oxygen 
pressure,  and  temperature,  the  growth  of  the 
oxide  scale  is  predicted  to  be  parabolic. 
Furthermore,  Equation  11  predicts  that  the 
defined  constant,  kp,  increases  linearUy 

with  the  difference,  (Pq  -  Pq 


Because  the  scale  thickness  is  a  linear 
function  of  the  gain  in  specimen  mass  per 
unit  area  attributed  to  the  WO2  layer,  a 
constant  in  terms  of  specimer  mass,  k^p, 
has  the  same  properties  as  kp.  Figure  4 
shows  the  variatton  of  the  parabolic  rate  con¬ 
stant  for  WCo  growth  in  terms  of  the  oxygen 
pressure  em^oyed.  It  is  clear  tluvt  the  model 
described  ’s  consistent  with  the  observed 
kinetics.  Unfortunately,  the  oxidation  rates 
at  the  low  oxygen  pressures  employed  are 
very  low  and  it  Is  impossible  to  eliminate 
scatter  in  the  data.  Nevertheless,  the  fit 
is  quite  satisfactory.  The  temperature  de¬ 
pendence  of  the  parabolic  constant  is  com¬ 
plicated  indeed.  An  examioatton  of  tue  terms 
in  Equation  11  immediately  establishes  that 
the  Arrhenius  equation  could  not  be  e^qpected 
to  describe  the  variation  of  Im  with  tem- 
_ o.  1/5*^  1/5 


perature  except  when  P!. 


»  Pq, 


4^  =  (2D 


A  linear  rate  constant  for  the  conversion 
of  WOo  to  Wxg049  has  also  b^n  calcidated 
from  tne  data  and  plotted  in  Figure  5.  The 
relationship  of  the  date  obtained  in  this 
system  to  that  obtained  at  much  Ugher 
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oxygen  pressures  is  IndlcatacL  It  should  be 
p  canted  out  that  ttie  hig^  oxygen  pressure 
studies  involved  scales  of  W^qO-q  and  WO3. 

VAPOR  PHASE  REACTIONS 

The  volatile  character  of  tungsten  and  its 
oxides  has  been  recocp5*''  1  for  many  years 
(Reference  11).  The  -  recent  literature 
has  included  operat  e' ‘.a  which  suggest  a 
marked  ')ffect  of  water  vapor  on  the  st^Hity 
of  the  coi.  tensed  tungsten  oxide  phases  (Ref¬ 
erences  6.  12,  and  13).  The  outstanding  efforts 
of  Blackburn  et  al.  (Rele  fences  14  and  15)  and 
Betkowitz,  Chiqika,  and  inghram  (Reference 
16)  have  helped  to  obtain  the  species  dis¬ 
tribution  and  thermochemical  properties  of 
the  tungsten-oxygen  uioleculASt  W30g{ 
W4O12I  and  W5O15.  The  thesis  research 
of  Bishop,  Pool,  and  Battles  (References  17, 
18,  &nd  19)  has  been  directed  at  determining 
the  qtiantitatlve  nature  of  the  reactions  which 
occur  between  cungsttm  and  its  oxides  and 
water  vapor.  Flj^ure  6  displays  typical  re¬ 
acted  tungsten  samples  observed  by  Battles. 
The  samples  were  e^qposed  to  H2O-H2  atmo¬ 
spheres  of  oxygen  potential  just  slightly 
above  that  required  for  eqtiUibrivm  co¬ 
existence  of  W  and  WO2.  The  samples  lost 
mass  rapidly  because  ^  oxide  formed  on 
the  surface  was  converted  to  vapor  species. 
It  is  particularly  interesting  to  note  the 
appearance  of  the  macropcopio  oxide  on  the 
surface.  Clearly,  preferred  regions  exist 
for  oxide  growtto  However,  the  presence  of 
macroscopic  oxide  on  the  tungsten  surface 
is  not  Ttecessary  for  tungsten  to  show  marked 
v{q>o.’  loss.  Figure  7  show'*  that  the  v^por 
loss  is  very  high  at  oxj'gen  pressures  well 
below  those  required  for  stability  of  con¬ 
densed  WO2.  Figures  7  and  8  display  curves 
of  constant  temperature  and  water  vapor 
pressure,  In  going  from  left  to  right  on  the 
graphs,  hydroge  \  is  replaced  with  argon 
to  vary  the  effective  oxygen  pressure  in  the 
gas  stream  passed  over  the  particular  tung¬ 
sten  specimen.  The  specimens,  suspended 
on  a  balance  airangement,  were  weight 
semicootlnuously  to  obtain  the  linear  rate 
constants  plotted  in  the  figures.  The  rate 
of  vapor  loss  rises  rapidly  as  the  effective 
oxygen  pressure  is  increased  toward  the 
equilibrium  value  fo/  V.-WO^  coexls3nce. 
(The  arrows  at  Pjjgo/PHg  «  1.1  on  Flguro  7.) 


Often  a  distinct  change  in  slope  of  the  vapor 
loss  curve  is  observed  at  the  equllibrliun 
point;  however,  the  vapor  loss  rate  does 
not  increase  greatly  above  toe  equilibrium 
point.  The  curve  for  8.0  inches  Hg  on  Fig¬ 
ure  7  does  not  exhibit  a  discontinuity  at 
the  W-WO9  equllibrliun  point  but  does  exhibit 
an  irregul^lfy  at  toe  WO2  ”•  Wiq04q  point. 
(Again  arrows  have  been  added  for  ^mar- 
cation.)  The  effects  of  temperabire  and  water 
viqmr  pressure  on  toe  viq>ur  loss  are  strongly 
Indicated  by  the  curves  of  Figures  7  and  3. 
The  viqx>r  loss  rates  of  oxide  compacts  have 
beet  studied  by  Bishop  and  Battles.  These 
conrelate  very  well  with  toe  vapor  loss  rates 
of  tungsten  undergoing  simultaneous  oxidation 
and  viq>orl  cation.  The  data  of  I^attles  shown 
in  Figures  9,  10,  and  11  have  been  marked 
on  Figure  8.  The  short  liorizontal  dashes  by 

the  curves  at  Fjj  o/Fjj  “  1*9  *^6  cor- 
2  2 

reeled  vapor  loss  rates  observed  on  the 
oxide  compacts.  In  this  range  the  tungsten 
is  losing  mass  as  rapidly  as  the  WO^  can 
be  vaporized. 

The  rationalization  of  these  observations 
and  those  of  the  other  contributors  mentioned 
is  made  difficult  because  of  toe  lack  of 
information  regarding  the  composition  and 
structure  of  toe  vapor  species  forming. 
Althou^  the  vapor  loss  rate  is  observed  to 
vary  linearly  with  toe  water  vapor  pressure 
over  the  range  of  conditionc  studied,  it  is 
not  valid  to  M:cr  that  a  simple  first  order 
mechanism  can  account  for  the  behavior. 
Many  complex  reaction  sequences  can  bo 
proposed  which  approximate  to  such  linearity 
over  narrow  ranges  of  reaction  variables. 
For  example,  consider  that  the  first  step 
in  toe  v{qx>rlzatlon  reaction  is  the  adsorption 
of  H2O  on  the  oxide  surface: 

®(v)  *  ”2®(qdt)  (12) 

The  classical  Langs  uir  treatment  for  mono - 
layer  adsorption  can  be  applied  to  estimate 
the  fraction  of  rvailable  axisorptlon  sites 

occiqiied,  f ,  for  a  given  Pjj  q  : 

2 


dn 

dt 


(13: 


Ilf. 
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Equation  13  aai^sumes  that  the  adsorbed  HnO 
reacts  slowly  with  the  substrate  to  form  &e 
volatile  species.  Therefore,  the  adsorbed 
H2O  comes  to  the  equilibrium  with  the  vapor 
and 


PH2O 

PNgO+o 


(14) 


where  a  *  Kg/K, 


Under  conditions  for  ^f^ch  the  surface  is 
far  from  saturated  the  occiq)ation  concen¬ 
tration  is  proportional  to  P„  ^  only.  If 

H2O 

the  volatile  reaction  is  first  order  in  the 
concentration  of  adsorbed  H2O,  the  oltserved 
vapor  loss  rates  would  be  eiqpected  to  vary 
linearly  with  Pjj  q.  The  foregoing  treatment 
2 

can  account  for  the  observed  behavior  hit 
can  not  be  relied  \spon  until  additional  mech¬ 
anistic  studies  establish  its  validity.  Further¬ 
more,  the  nature  of  the  growth  of  oxide 
crystids  on  tungsten  must  be  resolved.  In 
this  connection,  the  res^iarch  of  Moazed  and 
Rausch  djscribed  in  this  symposium  is 
very  decisive. 


SUMMARY 

Althoui^  much  remains  to  be  determined 
about  the  Interactions  of  tungsten  with  oxi¬ 
dizing  gas  mixtures  containing  CO2* 
and  H2O,  considerable  information  &  accu¬ 
mulating  al'jout  the  W-O-H-C  system.  In 
this  communication  some  of  the  data  obtained 
at  Ohio  State  University  been  presented 
and  an  attempt  has  been  :uade  to  rationalize 
the  observations.  The  areas  of  uncertainty 
have  been  pointed  out  to  indicate  fruitful 
future  Investigations. 
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Figure  1.  The  Tungfsten-Oxygen  Phase  Equilibria  at  One  Atmocphere  Total  Pressxure 
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Figure  2.  Phase  Boundaries  in  the  W-O-C  System 
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Figure  S.  Typical  Oxidation  Ci’rvaa  of  Tungaten  at  1100*C 
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Figure  7.  Vapor  Loss  Curres  for  Tungsten  in  Ar-H„-HnO  Atmospheres  -  1125*C 
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Figure  9.  Vapor  Loss  Curves  for  WOg  Compacts 
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nyiHAYiruj  rtt:  Tiiku^cTcki  ax  ULTRA-HIGH  TEMPERATURES 


Roger  A.  Porkint* 
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Donald  0.  Crooks* 


INTRODUCTION 

Serious  ooaslderstlon  is  telng  glTen  to 
the  use  of  tunfsten  ia  high  ten^rsture 
i^Uoatlons  sbore  die  limits  of  STailsble 
proteotire  ooating  ssrstems.  Components  ca¬ 
pable  of  operating  at  ten^ratures  to  SOOCTC 
(5480*F)  are  bei^  designed,  manufactured, 
and  tested  today.  Although  oxidation-resist¬ 
ant  ocatings  are  nrrled  for  extended  use  at 
high  temperatures  in  air,  absolute  protection 
from  oxidation  is  not  mandatory  for  a  num¬ 
ber  of  applications.  Coatings  may  not  be  re¬ 
quired  where  hig^tenqierature  exposure 
occurs  at  a  low  partial  pressure  of  oxygen 
for  a  relatiTely  short  time.  For  example, 
imooated  brngsten  is  used  successfully  at 
temperatures  approaching  its  melting  point 
in  the  noEsles  of  solid  propellant  rodcet 
engines.  Althouid’^  products  of  combustion 
contain  oxidizing  gases,  exposure  time  is 
approximately  1  to  2  minutes  and  loss  by 
oxidation  is  negligible.  Leading  edges  and 
heat  shields  of  hypersonic  re-entry  vehioles 
will  operate  at  temperatures  of  1200*  to 
3000*C  (2190*  to  5430*F).  Heating  occurs  in 
static  and  high  relooity  air  at  pressures  of 

10*^  to  20  mm  Kg  for  periods  of  10  to  ICO 
minutes  (Reference  I'l.  K  surface  reoeaeion 
by  oxidatios  under  those  oouditions  is  small, 
it  can  be  tolerated  by  proper  design.  In  some 
oases,  refractory  oxide  coatings  maybeusod 
to  restrict  tbe  access  of  air  and  to  reduce 
the  oxygen  pressure  at  the  metal-oxide  inter¬ 
face. 

The  successful  application  of  this  approach 
to  the  use  of  tungsten  at  ultra-hi|^  tempera¬ 
ture  demands  a  precise  knowledge  of  oxida¬ 
tion  heavier  under  anticipated  enTlroo- 
mental  oondlttans.  The  purpose  of  this  in- 
TMtigatlon  (conducted  as  part  of  the  Lockheed 
Indap^ent  reearch  program)  was  to  obtain 
ra^  data  for  the  oxidation  of  tungsten  from 


1300*  to  3400*C  (237(r  to  6150*F)  as  a  funo- 
tioa  of  oxygen  presure  and  gas  dynamie 
and  to  obtain  an  improyed  understanding  of 
reotlon  kinetlos  that  will  be  of  theoretloal 
ae  well  as  praotloal  utility. 


REACTION  KINETICS  AT  HIGH 
TEMPERATURE 


There  haye  been  only  a  few  InyeetigatiGAB 
of  the  oxldatlmi  of  tungsten  at  temperature 
aboye  1300*C  (2370*F)  and  presure  below 
one  atmosphere.  Pet  Interet  In  this  subject 
he  been  for  the  eo  of  tungsten  a/t  filaments 
in  lamps  and  electron  tube.  Limited  data 
haye  been  obtained  for  fine-wire  and  ribbon 
filaments  at  temperature  to  2600*C  (46&0*F) 

-7  -2 

In  oxygen  at  presure  of  10  to  10  mm  Hg. 
Oxidation  data  eually  are  reported  in  terms 
of  collision  effioieoy  (E)  whldi  is  defined  e 
the  ratio  of  the  rate  of  remoyal  of  oxygen 
molecule  from  the  surfae  e  WO^  to  the 

rate  of  arriyal  of  oxygen  at  the  surface 

(3.6  X 10*^^  (32T)"^^.  Rate  are  ex- 

pressed  e  moleoule/om  /seo  wlfii 

mm  Hg.  These  data  can  be  oonyertedtora^ 
of  tungsten  lose  (R^)  by  the  following  re¬ 
lation:  ^ 

R^=S.275  EPj^  (I) 


This  assume  that  the  arrlysi  rats  of  oxygen 
Is  a  funotte  of  presure  snd  tbe  temperature 
of  the  reeotle  yeesel.  (T  »  S00*IC).  I^u^pnutr 
(Refeee  2)  he  shown  that  prsMure 
-2 

below  10  mm  Hg,  tiie  arrlysi  ete  of  oxj^pm 
at  tiie  surface  Is  not  perosptibiy  Inflennert 
by  tbe  filament  temperature. 


*  Materials  Scimoe  Laboratory,  Lockheed  Missile  and  l^aos  Compimy. 
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Langmuir  (Referetioe  2)  eonduoted  first 
hi8^~teiig>erAture»  low-pressure  oxidation 
study  In  1913.  The  rat's  of  olean-iq>  of  oxygen 
in  a  sealed  bulb  was  measured  by  a pressixre- 
drop  technique.  The  rate  of  oxidation  was 
found  to  be  a  linear  function  of  pressure  and 
an  exponential  function  of  temperature.  The 
collision  efficiency  increased  with  tempera- 
tiire  in  the  manner  of  an  Arrhenius  relation 
as  follows: 


E  =  57.54  X  10 

This  expression  in  terms  of  the  rate  of 
tungsten  loss  esqpressed  In  the  units  of  the 
present,  work  is  ^ven  by 

2 

R^  =  2j6  Pq  axpi-aTaQO/RTigm/cm /min  (3) 


Hg  were  simlliir  to  those  of  Langmuir  and 
ELclnger.  The  collision  efficiency  was  found 
to  increase,  pass  throu^  a  maximum,  and 
then  decrease  with  increasing  temperature. 
This  behavior  was  attributed  to  changes  in 
the  sticking  probability  andheatofde&orptlon 
of  oxygen  on  tungsten  as  a  function  of  tem¬ 
perature.  Ojgrgen  was  described  as  adsorbing 
in  two  distinct  states  or  layers.  For  the  first 
layer,  the  sticking  probability  (S)  was  con¬ 
stant  at  0.14  with  an  energy  of  desorption 
of  106,000  calories.  In  the  second  la3rer, 
S  •  0.04  with  an  energy  of  desorption  of 
53,000  calories.  Two  rate  equations  were 
derived  from  theoretical  considerations  and 
e:q:erimental  data.  In  the  range  from  927*  to 
132rc  (1700*  to  2420*F),  the  first  layer  was 
filled  and  the  second  layer  coverage  de¬ 
creased  to  zero  as  temperature  increased. 
The  collision  efficiency  is  given  by 


Above  927*C  {1700*F)  the  oxide  volatilized 
without  dissociation,  leaving  the  surface 
clean  and  bright.  At  temperatures  above 
1500*C  (27S0*F),  the  measured  rates  were 
less  than  those  predicted  by  the  Arrhenius 
equation. 

In  1969,  Eisinger  (Reference  3)  r^rted 
on  t' oxidation  of  tungsten  from  927*  to 
2i2rc  (1700*  to  3860*F)  in  oxygen  at  pres- 

sures  of  10  to  lO"  mm  Hg.  Collision 
efflcieocy  was  determined  by  measuring  the 
pumping  action  of  hi|^  purity  single  crystal 
ribbons.  Curves  of  reaction  probability  vs 
temperature  could  be  described  by  the  Arr¬ 
henius  equation  at  low  teny>eratures  but 
reached  a  maximum  and  then  decreased  with 
increasing  tenqmrature.  This  behavior  was 
attributed  to  a  decrease  in  stickiagprobabil- 
ity  of  oxygen  on  tungsten  resulting  in  re¬ 
duced  probability  of  oxide  formation  at  high 
temperature.  The  low-tenq)erature  data 
agree  with  those  of  Langmuir,  giving  an 
apparent  heat  of  activation  of  25,000  cal/mol. 
Unlike  Langmuir’s  results,  collision  effi¬ 
ciency  was  found  to  be  pressure  dependent, 
and  the  pressure  dependency  of  rate  of  oxl- 
datiOB  was  not  linear. 

Becker,  Be<dcer,  and  Brandes  reported  on 
similar  studies  in  1961  (Ref ererioe  4).  Results 
of  tests  from  92r  to  222rc  (1700*  to  4040* F) 

-5  -7 

in  oxygen  at  preesurec  from  10  to  10  mm 


^  141 

E  =  60  X  10 

which  converted  to  the  units  of  this  work 
becomes 

R^  s  256  P-  sxp(-25400/RT)  gm/cm^/min  (5) 
2 


The  rate  equation  is  very  close  to  that  of 
Langmuir’s  which  was  obtained  by  a  fit  of 
experimental  data  to  an  Arrhenius  equation. 
From  172r  to  212rc  (3140*  to  3860*F)  the 
first  layer  is  partially  filled  and  the  coverage 
deorenses  to  zero  with  Increasing  tempera¬ 
ture.  The  rate  equation  becomes 


(6) 


which  can  be  converted  to 


*^=0.47  p'  ^rp(+27T00/«T;  gm/cm^/min  <7) 


Thus,  at  hi|h  tenoperatures  rates  are  pre¬ 
dicted  to  Increase  with  but  to  decrease 
with  temperature.  Becker  et  al«  also  showed 
that  carbon  as  an  iznpurlty  in  tungsten  oould 
accelerate  ihe  rate  of  oxidation  by  Increasing 
the  concentration  of  adsorbed  oxygen  on  the 
surface. 
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phenomenon  was  conducted  by  Anderson 
(Reference  5)  In  1962.  Oxidation  behavior  in 
the  region  of  the  rate  maximum  was  studied 
from  1677*  to  2327"C  (3060’  to  4220T)  in 

*•4 

oxygen  at  pressures  of  7,6  x  10  to  7,6  x 

10*"'*  mm  Hg.  The  results  were  ‘limilar  to 
those  found  by  previous  Investigators.  In  the 
temperature  range  from  187^  to  2327*C 
(3410*  to  4220*F),  rate  of  tungsten  loss  was 


observed  to  increase  with 


1.26 


and 


to  decrease  with  increasing  temperature. 
Rates  were  found  to  depend  on  the  oxygen 
atom  concentration  on  the  surface  and  varied 
with  pressiire  to  the  1.0  to  1.5  power  de¬ 
pending  cn  surface  coverage.  Heats  of  acti¬ 
vation  were  negative  and  decreased  from 
-14,000  to  -20,000  calories  as  pressure  de¬ 
creased. 


Only  two  direct  studies  of  oxidation  be- 
havlo  above  1300*C  (2370*F)  at  hi^er  pres¬ 
sures  have  been  reported.  Perkins  and  Crooks 
(Reference  6)  studied  the  oxidation  of  tungsten 
from  1300*  to  3000*C  (2370*  to  6430*F)  in  air 
at  1  to  15  mm  Hg  pressure  using  a  surface 
recession  technique.  From  1300*  to  1700*C 
(2370*  to  3090’F)  rates  could  be  described 
by 

exp(-3l500/*T)  qm/cm^/mln  (g) 

2 

Oxidation  rates  reached  a  maximum  at  aix)ut 
1750*C  (3180*F)  and  then  decreased  with 
increasing  temperature.  Althou|^  the  cxirves 
resemble  those  obtained  at  very  low  pres¬ 
sures,  the  rates  are  considerably  less  than 
would  be  predicted  from  equations  that  have 
been  cited.  As  will  be  shown,  oxygen  depletion 
in  the  reaction  chamber  is  responsible  for 
the  observed  behavior  and  the  nieasured  rates 
are  characteristic  of  the  system,  rather  than 
of  the  material. 


Blackburn  et  al.  (Reference  7)  in  1961  re¬ 
ported  on  the  oxidation  of  tungsten  in  flowing 
21  percent  oxygen,  79  percent  argon  at  one 
atmosphere  from  800*  to  1700*C  (1470*  to 
3090*F).  Rates  were  determined  by  oxygon 
consumption  techniques.  At  temperatures 
above  1350*C  (2460*F)  ttie  oxide  was  found 
to  evaporate  as  fast  as  it  formed.  Oxidation 


according  to  an  Arrhenius  relation  with  acti¬ 
vation  energy  of  21,000  cal/mol.  The  mecha¬ 
nism  was  assumed  to  be  that  postulated  by 
Langmuir  at  low  pressure;  however,  the 
observed  rates  are  considerably  less  than 
those  which  would  be  predicted  by  Equations 
3  or  6. 

By  considering  the  oxidation  of  tungsten 
as  a  series  of  consecutive  reactionB,  Ong 
(Reference  8)  derived  from  kinetic  theory 
and  experimental  data  the  following  rate 
equation: 

10*  P*  sxp{-l2l70/T)fnq/cm^hr 

which  in  termr  of  this  work  becomes 

R-=S5«{»  SKp(-242D0/IT)Qm/cm^/ml«  (I0) 
2(1111) 

This  equation  adaqui^ly  reproduced  rate 
data  from  three  Independent  investigations 
at  pressures  from  1  mm  to  15,800  mm  Hg 
and  temperatures  from  700*  to  1M0*C  (1290* 
to  2370*F).  Althoui^  the  temperature-de¬ 
pendent  term  is  similar  to  that  of  Equations 
3  and  5,  the  pressure-dependent  term  and 
constant  are  significantly  different.  The  rates 
would  be  considerably  lower  than  those  pre¬ 
dicted  by  ether  equations.  The  validity  of 
Equation  9,  however,  has  not  been  checked 
at  higher  temperatures  and  lower  pressures. 
Similarly,  It  is  not  known  if  Equations  3  and 
5  will  adequately  express  rates  at  pres- 
-2 

sures  above  10  mm. 

One  of  the  objectives  of  the  present  work, 
therefore.  Is  to  determine  whether  a  change 
in  meoha^sm  occurs  as  a  function  of  pres¬ 
sure.  The  similarity  of  rate  behavior  at 

.9 

pressures  above  1  mm  and  below  10  mm 
In  terms  of  temperature  dependency  suggests 
a  common  behavior  over  a  wide  pressure 
range.,  Discrepancies  In  pressure  depend¬ 
ency,  however,  need  to  be  clarified  and  re¬ 
solved.  Also,  tbe  existence  of  a  maximum  In 
rate  vs  temperature  at  pressures  above 
-2 

10  must  be  4X>nflrmed.  A  pressure  range 

of  10  to  5  stun  Hg  was  selected  for  this 
study  to  provide  a  logloal  extension  of  prior 
work  at  reduced  pressures. 
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Materials 

The  tungsten  ussd  In  this  investigation  was 
commercial  ground  seal  rod  procured  from 
the  General  Electric  Company.  This  material, 
designated  as  Grade  MK,  is  -  fine-graijied 
partially  doped  tungsten  whl-  ^a  99.954  per¬ 
cent  pure.  Principal  impuriti  . .  nclude  0.002, 
0.00X6,  and  0.002  percent,  *e8pectively,  of 
carbon,  oxygen,  and  molybdenum.  All  oteer 
impuritlee  are  less  than  0.001  percent  each. 
The  rods  were  0.1  Inch  in  diameter  by 
7  inches  long  and  wore  centerless  ground 
with  a  surface  finish  of  6  to  8.  A  few  tests 
were  made  with  Grade  218  ground  seal  rod 
which  is  a  fully  doped  material  that  is, 
after  heating  at  hlg^  temperature,  coarse 
grained  compared  with  Grade  MK. 

Medical  Grade  tank  oxygen  99.964  percent 
pure  was  used  in  most  of  the  tests,  A  num¬ 
ber  of  teste  were  made  with  Linde  Company 
Rasearch  Grade  oxygen  which  is  99.994  per¬ 
cent  pure.  No  effects  from  the  Impurities 
in  the  gas  on  rates  of  oxidation  were  detected. 
Teste  in  air  were  made  with-normal  atmos¬ 
phere  passed  through  a  molecular-sieve 
column.  Changes  in  relaUve  humidity  of  the 
air  had  no  discernible  effect  on  rates. 

Equipment 

All  tests  were  conducted  in  a  surface  re¬ 
cession  rate  apparatus  designed  and  built  by 
Lockheed  Missiles  and  Space  Company 
(Figure  1).  Specimens  were  heated  by  direct 
resistance  using  alternating  current  at  100  to 
300  anq>eres  and  5  to  15  volts.  The  rods 
were  positioned  vertically  In  water-cooled 
eleoir^es  with  slip-fit  expansion  Joints  to 
prerent  buckling  during  heating.  A  water- 
cooled  wrought-copper  T-section  G  Inches 
in  diameter  by  14  inches  high  was  used  for 
the  reaction  vessel.  Total  volume  of  the 
system  including  pipes  and  ballast  chamber 
was  about  17  liters.  Two  sight  ports  were 
provided  for  measurement  of  temperature 
and  rod  diameter.  A  1397  B  Welch  pump  and 
an  MCF-300  diffusion  pump  were  used  in  toe 
vacuum  system  and  an  ultimate  pressure  of 

•pfi 

10  mm  Hg  with  a  leak  rate  of  less  toan 
1  mioron/mln  was  achieved. 


All  measurements  were  made  In  a  plane 
at  the  approximate  center  of  the  specimen. 
For  most  tests,  a  uniform  hot  zone  1  to 
2  inches  long  existed  in  the  central  section 
of  the  rod.  Temperature  was  measured  with 
a  micro-optical  pyrometer  compensated  for 
emlBslvlty  and  sight  glass  effects  (Figure  2). 
The  pyrometer  calibration  curve  was  checked 
by  measuring  the  apparent  melting  points  of 
six  pure  metals  fastened  to  the  si^ace  of 
the  rod.  Further  chedts  were  obtained  by 
measuring  evaporation  rates  of  tungsten  in 
vacuum  vtolch  were  compared  with  published 
ev£qx>ration  rate  data.  The  apparent  tem¬ 
perature  at  which  the  rods  melted  also  was 
determined  for  a  calibration  point.  Rod 
diameters  could  be  measured  continuously 
with  a  filar  micrometer  eyepiece  attached 
to  a  4X  telescope  vidth  an  accuracy  of 
40.0005  inch. 

Pressure  in  the  reaction  vessel  was 
measured  continuously  vidth  a  Decker  Cor¬ 
poration  Model  311  Absolute  Pressure  Meter. 
The  instrument  is  calibrated  from  0.01  to 
30  mm  in  six  ranges.  Calibration  of  the 
gauge  was  checked  weekly  against  a  Wallace 
and  Tleman  Model  FA  160  Absolute  Pres¬ 
sure  Meter,  This  in  turn  was  calibrated 
every  two  months  against  a  seoendary  stand¬ 
ard. 

Procedure 

Teste  were  conducted  in  air  and  oxygen 
under  three  different  conditions;  static,  tur¬ 
bulent,  and  Impinging.  For  static  tests,  the 
gas  was  admitted  through  &  diffuser  located 
in  toe  main  vacuum  line.  The  system  was 
punned  continuously  and  the  gas  leak  rate 
was  balanced  against  toe  pumping  rate  by 
micrometer  leak  valves  to  achieve  any  de¬ 
sired  chamber  pressure.  This  may  be  viewed 
as  a  quasi-stetic  condition  in  which  no 
measurable  degree  of  turbulence  or  flow  Is 
created  in  toe  reaction  chamber.  Tests  in 
turbulent  atmospheres  were  omiducted  by 
admitting  the  gas  leak  directly  Into  toe 
reactioo  chamber  while  continuously  pumping 
the  system.  The  was  introduced  from  a 
ring  manifold  concentric  with  the  upper 
electrode  with  Jets  directed  to  Uie  chamber 
wal.(s.  in  high  velocity  flow  (impinging)  tests, 
gas  was  admitted  from  a  ring  manifold 
commntrlc  with  the  specimen  near  toe  center 


128 


ML-TR-64-162 


iirs.  T^'ClvC  Jsts  auTreugSu  llko  th8  epukoD 
of  a  wheol  were  trained  directly  on  the 
specimen  surface  at  a  distance  of  about  one- 
hidf  inch.  Gas  leak  and  pumping  rates  were 
adjusted  to  provide  sonic  velocity  (1140  fps) 
at  the  exit  plane  of  each  Jet.  The  dynamic 
pressure  vs  static  chamber  pressure  was 
measui'ed  to  determine  gas  velocity  at  the 
surface  of  the  specimen.  This  varied  from 
200  to  900  :^s  depending  on  static  chamber 
pressure.  For  all  impinging  tests,  the  pres¬ 
sure  reporter  is  the  stagnation  (total)  pres¬ 
sure  of  oxygen  at  the  suHace. 

The  normal  test  procedure  was  to  evacuate 

the  system  to  less  ttian  10  ^  mm  Bg  and  heat 
the  rod  for  10  minutes  at  2000*C  (36SCi‘'F). 
This  conditioning  treatment  was  used  to  de¬ 
gas  the  S)r8tem  and  to  provide  a  uniform 
metallurgical  condition  from  specimen  to 
specimen.  A  new  specimen'  was  used  for 
each  test.  After  conditioning,  the  tempera¬ 
ture  was  adjusted  to  the  run  temperature 
and  the  gas  admitted.  Approximately  15  sec¬ 
onds  were  required  to  adjust  pressure  and 
temperature  to  the  set  values.  Zero  time  was 
taken  at  the  point  v/hen  pressure  reached 
about  one-half  the  set  value.  This  usiuQly 
occurred  within  five  seconds  after  admitting 
the  gas.  At  the  end  of  test,  the  gas  leak  and 
power  were  turned  off  simiUtaneously.  Final 
Ume  was  taken  at  the  point  when  pressure 
had  dropped  to  one-half  the  set  value. 

Surface  recession  at  the  sight  point  is  one- 
half  the  difference  between  initial  and  final 
diameters  as  measured  Ity  micrometers. 
Rates  were  calculated  by  the  following  re¬ 
lation: 

- Ljl - ^gm/cm^/mln 

where  and  D,  are  initial  and  final  dla- 

meters  in  inches  and  i  is  total  time  in 
minutes.  This  relation  also  assumes  a  plane 
surface  and  does  not  take  surface  roughness 
into  accotfflt.  All  rates  are  expressed  as 
2 

gm/cm  /min  and  can  be  converted  to  surfaoe 
recession  in  inohss/min  by  dividing  by  49. 
Initially,  diametsr  was  measured  oontlnuoMS- 
ly  by  optical  telesoope  and  plotted  as  rate 


curves  to  obtain  a  mean  or  average  rate. 
However,  it  was  found  that  surfaoe  recession 
was  perfectly  linear  with  time  so  that  the 
measurement  of  initial  and  final  diameter 
was  sufficient  to  establish  an  accurate  rate. 
Total  time  of  testing  varied  from  2  to 
60  minutes  depending  on  temperature  and 
pressure. 


RESULTS 

Rate  Reproducibility 

Early  in  the  experimental  program  it  was 
discovered  that  oxidatlmi  rates  varied  mark¬ 
edly  with  crystallographic  orimtatlon  (Figure 
3).  Originally  smooth  surfaces  developed 
well-defined  crystal  facets  after  a  few- 
minutes  esqxMure  to  air  or  oxygen  at  hl|^ 
temperature.  The  extent  of  fiioetlng  was 
temperature  dependent  and  toniai  io  bsooma 
less  prewounoed  on  a  macro  scale  at  hln^r 
temperatures.  At  temperatures  above  2800*C 
(5070*F)  surfaces  having  a  mirror  finish 
were  often  produced.  However,  at  hi|di 
magnification  even  t^e  surfaces  were  found 
to  be  far  from  smooth  (Figure  3).  Cylindrical 
Blnd^e-crystal  rods  formed  square  cross 
set^oos  and  developed  well-defined  pyramids 
on  the  surface  during  oxidation  at  low  pres¬ 
sure. 

As  shown  in  Figure  4,  this  behavior  had 
an  effect  on  fite  ability  to  measure  rates  in 
an  accurate  and  reproducible  maxmer.  The 

rate  of  surfaoe  recession  in  gm/oqa  /min  is 
indicated  on  the  figure.  For  single-crystal 
rods,  rates  varied  from  0.0235  across  the 
"square*  faces  to  O.OSIO  across  the  "diago¬ 
nal.*  For  polyorystalline  material  the  re¬ 
sults  were  a  roughened  surfaoe  and  uneven 
recession.  It  be^une  partloulsrly  diilicuit 
to  measure  reoessimi  tn  ootxss-grained 
tuz^piten  due  to  the  orlentstian  effect.  The 
rate  for  Grade  218  tungsten  as  shown  in 
Figure  3  varied  from  0.0302  to  0.0828  de¬ 
pending  on  the  point  of  diameter  measure¬ 
ment.  In  fine-grained  material.  Grade  MK, 
the  efiect  was  aversged  snd  q>eolmeos  re¬ 
tained  a  fairly  oyllndrioal  cross  sectioe  wl^ 
minimum  surfsoe  roughness.  It  Is  for  this 
reason  that  UaS  typs  MK  fine-grained  rod 
was  selsoted  for  all  tost  work. 
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The  r^roducibllity  of  rate  measurements 
in  three  different  ranges  of  temperatxire  and 
I  .'‘©ssure  for  tungsten  In  turbulent  oxygen  is 
shown  in  Table  1.  The  two  major  sources  of 
emr  were  in  control  of  specimen  tempera¬ 
ture  and  In  measurement  of  pi  assure.  The 
temperature  can  be  measured  to  within  ±5*C 
but  is  difficult  to  control  due  to  changes  in 
cross  section  of  the  rod  with  tlme„  It  is  con¬ 
trolled  by  adjusting  the  current  and  tends  to 
drift  in  an  unpredictable  manner.  This  will 
cause  rate  variations  in  consecutive  tests 
ho  well  as  in  tests  conducted  at  later  dates. 
The  effect  will  be  most  pronouned  in  regions 
where  rates  are  very  sensitive  to  tempera¬ 
ture  changes.  Thus,  at  1627*C  (2960*F)  and 
0.22  rnm,  most  of  the  variation  was  due  to 
errors  in  temperature.  Pressure  on  the 
other  hand  is  easy  to  control  within  close 
limits  but  the  absolute  valve  for  any  gauge 
reading  may  vary  due  to  drift  in  gauge  cali¬ 
bration.  Experience  revealed  that  significant 
drifts  in  calibration  could  occur  within  the 
course  of  several  days.  At  least  weekly  cali- 
bration  checks  were  required  toglve  repro¬ 
ducible  data.  Consecutive  testa  proved  quite 
reproducible  and  errors  appear^  mostly  on 
a  day  to  day  basis.  At  1960" C  (3S)60"F)  and 
0.92  mm,  five  consecutive  runs  were  repro¬ 
ducible  to  within  ±1,4  percent.  The  day  to  day 
variation,  most  likely  due  to  pressure  shifts, 
resulted  in  a  ±6  percent  reproducibility.  On 
the  average,  most  rate  data  were  reproducible 
to  ±10  percent  and  were  within  calculated 
2-slgma  limits.  The  greatest  variability  was 
found  at  low  temperatures  where  ratea  hrd  a 
high  temperature  dependency;, 

Reactions  in  Air 

In  order  to  obtain  rate  data  that  could  be 
applied  directly  to  oxidation  problems  in 
aerospace  structures,  initial  tests  were  con¬ 
ducted  in  static  and  moving  air  at  low  pres¬ 
sure.  '^be  preliminary  re  ults  of  this  work 
which  were  published  in  1961  (Reference  6) 
indicated  that  rates  in  static  air  reached  a 
maximum  at  about  1760"C  (3180"F)  and  then 
decreased  with  Increasing  temperature.  This 
behavior  has  been  studied  in  more  detail  at 
a  pressure  of  5  mm  Hg  and  found  to  be  the 
result  of  oxygen  depletion  which  occurs  under 
static  or  mildly  turbulent  ''tioas. 

At  the  start  of  oxidation,  the  tungsten 
rapidly  oonsumes  oxygro  vt^oh  must  be 


replenished  by  diffusion  or  mass  transport 
from  the  air  inlet  port.  If  the  system  volunje 
is  small  and  the  inlet  port  is  remote  from 
the  chamber,  rr^es  of  oxidation  can  be 
limited  by  transpci  t  of  oxygen  to  the  reaction 
cliamber.  Evidence  that  toia,  in  effect,  does 
occur  under  quasi-static  conditions  was  pro¬ 
vided  by  noting  that  rate  curves  were  not 
linear  wltii  time  for  tests  beyond  20  to 
30  minutes.  As  shown  in  Figure  5,  the  slope 
of  the  rate  curve  in  static  air  increased  with 
time.  The  rate  after  60  minutes  of  test  was 
alrrost  double  that  for  the  initial  10  minutes 
of  test. 

Samples  of  the  atmosphere  in  the  reaction 
vessel  were  taken  at  various  time  intervals 
to  determine  if  changing  concentration  of 
oxygen  was  responsible  for  changes  In  rate. 
A  gas  sample  of  about  100  ml  was  drawn 
into  an  evacuated  bulb  and  analyzed  on  a  mass 
spectrometer  to  determine  the  ratio  of  oxygen 
to  nitrogen.  These  ratios  are  expressed  as 
percent  0^  in  the  mixture.  Samples  were 

taken  from  near  the  surface  cf  the  specimen 
and  near  the  wall  of  the  chamber  during  test. 
Analysis  of  the  air  before  test  gave  0^  values 

of  19  tT  21percent.  As  shown  In  Figure  6,  the 
“cir*  near  the  surface  of  the  rod  after  five 
minutes  of  test  contained  11.9  percent  O^. 

O-^ygen  concentration  at  the  chamber  wall 
w«to  slightly  greater  but  still  below  normal, 
indicating  that  a  general  depletion  of  oxygen 
in  the  system  had  occurred.  After  30  minutes, 
the  concentration  increased  to  14.  S  percent 
and  it  the  eml  >  one  hour  it  had  reached 
16,3  percent.  Thuu,  the  increase  of  rate  with 
time  is  shown  to  be  due  to  an  increase  in 
oxygen  concentration  with  time. 

The  o^gf- '  content  of  the  atmosphere  is 
governed  by  a  balance  between  the  rate  at 
which  the  specimen  will  consume  oxygen 
and  the  rate  at  ^sWch  oxygen  can  be  suppHed, 
If  the  rate  of  consumption  at  a  given  tempera¬ 
ture  exceeds  the  rate  of  transport  in  the 
system,  the  ga-4  in  aie  chamber  Is  rapidly 
depleted  of  ot:  The  rate  of  consumption 

then  drops  un.:i  a  balance  is  thieved.  Nor¬ 
mally,  a  steady-state  condition  where  con- 
8unq[)tlQo  rate  equals  transport  rate  should 
be  /eached  at  son.  j  reduced  oxygen  preso  ire. 
However,  In  this  type  of  tost  the  total  surface 
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area  and  the  average  temperatxire  of  the 
specimen  decrease  "■vith  time.  Constant  tem¬ 
perature  is  maintained  oaly  at  one  point  on 
the  surface.  The  total  rate  of  oxygen  con¬ 
sumption  at  any  pressure,  therefore,  will 
decrease  with  time,  causing  a  shift  in  the 
balance  point  to  higher  oxyger  pressures. 
The  net  effect  is  an  increase  in  the  rate  of 
oxidation  at  the  point  of  measurement  where 
temperature  is  held  constant. 

If  this  analysis  is  correct,  then  the  oxygen 
concentration  in  tf  '  ^  should  decrease 
with  Increasing  spev^Ainen  temperature.  To 
verify  this,  samples  of  the  atmosphere  were 
taken  for  analysis  after  four  minutes  of 
testing  at  temperatures  from  1360®  to3000*C 
(2460®  to  5430*F),  As  shown  in  Figure  6, 
oxygen  concentration  decreased  from  a  hlg^ 
of  19  percent  at  1377®C  (2510®F)  to  a  low  of 
2.4  percent  at  2690*C  {4690®F). 

These  data  are  soml-quantitative  and  are 
not  an  absolute  measure  of  oxygen  concen¬ 
tration  at  the  surface.  They  clearly  show, 
however,  that  the  rate  maximum  and  the 
decrease  in  rate  with  Increasing  temperature 
in  static  air  is  due  to  oxygen  depletion  of  the 
atmosphere.  Such  rate  data  are  characteris¬ 
tic  oiUy  of  the  33rotem  and  do  not  reflect 
the  true  oxidation  behavior  of  tungsten.  For 
tests  in  air,  it  is  necessary  to  increase  the 
rate  of  transport  of  oxygen  in  the  S}r8tem 
until  it  is  not  rate-limiting  over  the  tem¬ 
perature  range  of  interest. 

Increased  rates  of  gas  transport  w  ^e 
achieved  by  admitting  air  directly  to  the 
reaction  chamber  to  create  turbulence,  and 
by  impinging  air  on  the  san^le.  The  results 
of  teste  at  5  mm  Hg  are  given  in  Figures  5 
and  6.  The  rate  of  oxidation  is  significantly 
increased  when  timbulence  is  created;  how¬ 
ever,  depletion  of  oxygen  near  the  surface 
still  occmrs.  This  Is  shown  by  nonlinearity 
of  the  rate  curve  and  by  comparison  with 
impinging  air  data.  Rates  In  in^inglag  air 
were  linear  with  time  and  were  hl^er  than 
those  in  turbulent  air.  At  2400*C  (4350*F), 
the  impinging  air  rate  was  29  times  the 
static  rate  and  3  times  turbulent  ratn. 

The  rats  data  in  impinging  air  at 
5  mm  Hg  reveal  three  dlSSerent  regimes 


of  oxidation  behavior  v/lth  increasing  tem¬ 
perature: 

1.  Prom  1300®  to  1760®C  (2370®  to  3200®F), 
rate  Increased  with  temperature  by  an  Arr¬ 
henius  relation  with  an  apparent  activation 
energy  of  43,900  cal/mol. 

2.  From  1760®  to  2630®C  (3200®  to  4770"F), 
rate  increased  with  temperature  by  an  Arr¬ 
henius  relation  with  an  apparent  activation 
energy  of  24,600  cal/mol. 

3.  Above  2630®C  {4470®F),  rate  increased 
to  a  maximum  at  2710® C  (49i0®F)  and  then 
decreased  with  increasing  temperature.  The 
apparent  heat  of  activation  decreased  to  zero 
and  became  negpative  with  increasing  tem¬ 
perature. 

Reactions  in  Oxygen 

To  further  e.xplore  the  role  of  gas  trans¬ 
port  on  oxidation  behavior  and  to  establish 
the  validity  of  rates  in  impinging  air,  tests 
were  made  in  static,  turbulent,  and  Impinging 
oxygen  at  a  pressure  of  1,1  mm  Hg,  These 
data  are  compared  with  those  from  tests  in 
impinging  air  at  5  mm  Hg  (Pq2“1»05  mm)  in 

Figuje  6,  At  an  oxygen  pressure  of  1.06  to 
1,1  mm  Kg,  Jse  rates  of  oxidation  from  1300® 
to  2360®C  (2370®  to  4260*F)  as  measured 
under  four  different  conditions,  static,  turbu¬ 
lent,  impinging  oxygen,  and  impinging  air, 
are  identical.  Gas  velocity  rp  to  900  fps  had 
no  measurable  effect  on  klietics.  The  data 
show  that  under  these  oon  liUons  gaseous 
transport  of  reactants  and  products  is  not 
rate-limiting.  Data  obtained  In  oxsrgen  can 
be  used  directly  to  predict  rates  In  moving 
air  at  velocities  approaching  Mach  1.  Oxygen 
pressure  under  dynamic  conditions  must  be 
taken  as  the  total  or  stagnation  pressure  of 
oxygen  at  the  surface,  Al^u|^  it  is  believed 
that  no  effect  of  velocity  will  be  found  at  the 
hi^er  flow  rates  oharaoterlstic  of  atmos- 
ptoric  re-entry,  extripolations  of  the  data 
should  be  used  with  a  degree  of  caution. 

At  oxygen  pressure  of  1.05  to  1.1  mm  Hg 
and  tenperatures  above  2300*C  (417C*F),  a 
ma-'ked  dependency  of  rates  on  gas  velocity 
was  Indicated.  In  static  oxygen,  the  rate 
reached  a  maximum  at  2466*C  (447(rF)  and 
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In  impinging  oxygen  at  230  fps,  the  rate 
maximum  waa  reached  at  2710*C  {4910*F) 
followed  by  a  almilar  drop  with  temperature. 
Although  it  Is  possible  that  the  position  of 
the  rate  maximum  will  be  shifted  to  still 
higher  temperatures  with  increased  flow, 
the  data  suggest  that  a  limiting  condition  Is 
being  approached.  The  rate  maximum  for 
impinging  air  (v  »  900  fps)  occurred  at  the 
same  temperature  as  that  for  impinging 
oxygen  (v  «  230  fps)  at  eq»d  valent  oxygen 
preesures  {Figure  6).  The  fourfold  increase 
in  velocity  had  little  effect  and  actually  re¬ 
sulted  in  lowered  values  of  oxidation  rate. 

Pressure  Dependency 

The  pressure  dependency  of  the  reaction 
of  tungsten  and  oxygen  was  studied  from 
0.11  to  3.0  mm  Hg  at  130  ‘  *  3360*C  (2370* 
to  6060*F),  and  from  0..  21  ram  Hg  at 

two  selected  temperature.  .  As  shown  in 
Figure  7,  the  curves  of  log  rate  vs  l/T  have 
identical  form  at  preesures  from  0.11  to 
S.O  mm  Hg.  The  curves  as  d^awn  repraiait 
an  average  fit  of  all  the  data,  and  good 
agreement  of  data  points  with  lines  of  uni¬ 
form  slope  at  each  pressure  Is  shown.  The 
apparent  heats  of  actlvatioa  are  the  same  as 
those  reported  for  tests  In  impinging  air: 
43,900  cal/mol  below  the  rate  transition  and 
24,500  above.  The  apparent  heats  of  activation 
at  temperatures  siwve  the  maximum  rate 
range  form  -21,100  to  -13,800  cal/mol,  the 
sl(^  decreasing  with  reduced  pressure. 

Since  the  slopes  in  the  linear  region 
are  parallel  for  all  pressures,  the  pres¬ 
sure  dependency  of  reaction  rate  is  constant 
over  the  tempei  ature  range  of  constant 
slope.  The  position  of  the  c>iiTca  shows 
that  the  pressure  dependency  is  higher  at 
ten^^eratures  above  the  rate  U'ansition  point 
than  at  those  below.  Similarly,  pressure 
(topeiuiency  beyond  the  point  of  maximum 
rate  is  hi^er  than  that  below. 

Pressure  deptmdency  has  been  measured 
for  each  of  these  three  regions  as  shown  in 
Figure  8.  A  plot  of  log  rate  vs  log  pressure 
should  be  linear  with  a  slope,  N,  equal  to  the 
pressure  dep«tdency  of  the  reaction.  In  the 
low  temperature  (hi|^  activation  energy) 


X  c^uUf  uXxuEuOu  woB  prOpOx  viOuai  tO 

oxygen  pressure  to  the  0.59  power.  Atl627®C 
(2960* F)  in  tui’bulent  oxygen,  pressure  de¬ 
pendency  deviated  from  0.59  at  about  2  to 
3  mm  Hg  and  became  smaller  with  increasing 
pressure.  Under  impinging  conditions,  It  was 
conr*ant  at  0.59  with  increasing  pressure  to 
10  mm  Hg.  This  behavior  suggests  that  trans¬ 
port  of  reactants  or  products  can  be  a  prob¬ 
lem  In  oxygen  atmospheres  at  pressures 
above  2  to  3  mm  Hg.  At  1627*C  (2960*F)  and 
a  pressure  of  0.2  mm  Hg,  the  rate  transition 
point  is  crossed  and  pressure  d^endency  at 
lower  pressures  Increased  to  the  value  cor¬ 
responding  to  that  of  the  second  region. 

In  the  second  (low  activation  energy)  region, 
pressure  dependency  at  1960*C  (3660*F)  was 
constant  at  0.82  from  0.1  to  10  mm  Hg.  The 
same  value  was  found  in  turbulent  and  im¬ 
pinging  oxygen.  At  about  8  mm  Hg  pressure, 
the  rate  transition  point  is  crossed  and 
pressure  dependency  at  higher  pressures  will 
drop  to  a  value  of  0.59  Wch  is  characteris¬ 
tic  of  the  first  region.  Thus,  It  can  be  seen 
that  at  constant  temperature  the  dependency 
of  rate  on  pressure  will  change  whenever 
the  point  of  rat©  transition  is  crossed.  This 
must  be  taken  into  account  when  data  are  to 
be  extrapolated  to  higher  or  lower  pressures 
from  any  given  point. 

The  pressure  dependency  at  a  temperature 
beyond  that  of  the  rate  maximum  was  not 
constant  with  pressure  under  turbulent  (x>n- 
ditions.  At  2984*C  (5400*F),  the  value  of  N 
approached  1  at  pressures  below  0.10  mm 
and  approached  0.8  at  a  pressure  of  1  mm  Hg. 
In  impinging  oxygen,  the  value  of  N  was 
close  to  1.0,  inJ^catlng  a  linear  dependency 
on  pressure  in  this  region. 


DISCUSSION 

There  are  many  similarities  between  the 
results  of  this  investigation  and  those  of 
others  conducted  at  much  lower  pressures. 
We  used  Eislnger's  and  Anderson’s  data  to 
compare  the  effect  of  temperature  on  oxida¬ 
tion  rate  at  oxjrgen  pressures  from  10**^  to 
3.0  rojn  Hg  (Figure  9).  The  low-temperature 
portloo  of  Eisinger’s  data  fit  an  Arrhenius 
rate  equation  with  an  apparent  activation 
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cDfjrgy  of  about  25,000  cai/moi.  The  flope 
of  the  second  region  from  our  work 
(24,500  cal/mol)  is  In  excellent  agreement 
with  that  value.  Similar  values  were  re¬ 
ported  by  Langmuir  and  Becker.  None  of  the 
other  Investlgai  ons  at  low  pressure  detected 
the  rate  transition  to  a  high  activation  energy 
region  at  lower  temperaTures.  However,  If 
the  temperature  for  rate  transition  as  deter¬ 
mined  In  this  Investigation  Is  extrapolated 
to  lower  pressures,  It  can  be  seen  that  the 
other  Investigations  were  not  conducted  at 
sufficiently  low  temperatures  to  detect  the 
break. 

One  possible  exception  Is  the  work  of 
Langmuir  which  wiis  conducted  at  low  enough 
temperatures  but  In  which  no  break  was 
found.  Direct  comparison  with  Langmuir’s 
data  may  not  be  valid,  however,  since  the 

pressure  was  changing  from  5  x  10  to 

2  x  10  mm  Hg  during  his  test.  All  the 
other  studies  were  m6ide  at  pressures  which 
were  constant  or  varied  over  a  small  range. 
In  order  to  develop  a  complete  picture  of 
oxidation  behavior  It  will  be  necessary  to 
study  reactions  at  pressures  below 

10  mm  Hg  in  the  temperature  range  where 
a  rate  transition  would  be  expected.  The 
existence  or  absence  of  such  a  break  will 
have  an  importimt  bearingon  any  mechanistic 
Interpretation  of  results. 

The  position  and  shape  of  the  curves  In 
Figure  9  suggests  a  common  behavior  pattern 
over  the  entire  range  of  pressures.  If  this  is 
true,  then  it  should  be  possible  to  correlate 
the  rates  and  the  position  of  the  maximum 
rate  with  pressure  and  temperature.  The  rate 
of  oxidation  at  the  point  of  maximum  rate  for 
these  three  IndependentinvesUgatioas  is  cor¬ 
related  with  oxygen  pressure  in  Figure  10. 
The  agreement  is  surprisingly  good,  con¬ 
sidering  the  very  wide  range  of  pressures 
and  rates  and  the  differences  in  e^qperlmental 
procedure.  This  correlation  shows  that  the 
maximum  rate  of  oxidation  is  close  to  a  linear 

function  of  oxygen  pressure  from  10"®  to 
I  mm  Hg.  The  maximum  rate  can  be  predicted 
by  the  following  simple  relation: 

=  0.295  gm/cm^/min  (IE) 


The  temperature  at  which  the  rate  maxi¬ 
mum  will  occur  is  plotted  vs  the  oxygen 
pressure  in  Figure  11.  It  can  be  seen  again 
that  an  excellent  correlation  exists  between 
the  results  of  three  different  investigations. 
The  values  from  this  investigation  in  turbu¬ 
lent  oxygen  deviate  from  the  linear  relation¬ 
ship  at  pressures  above  0.11  mm  Hg.  With 
Impingement  of  oxygen,  the  point  of  maxi¬ 
mum  rate  shifted  to  hi^er  ten^erature  and 
approached  the  linear  relation.  The  rcleUon 
between  temperature  and  pressure  for  the 
point  of  maximum  rate  can  be  expressed  as 
follows: 

=  2.537  k  io’axpl- 104,000/ RT)  (!3) 

2 

Further  correlation  of  the  resudts  of  the 
three  InvestigationB  was  obtained  by  the  com¬ 
parison  of  calculated  and  experimental  rates. 
By  using  an  empirical  equation  fitted  to  the 
experimental  results  of  this  Investigation 
(P02  “  to  3.0  mm‘Hg),  the  rate  ofoxlda- 
ti  '^was  calculated  for  a  point  on  the  linear 
n  of  the  log  rate  vs  1/T  curves  for  five 

.  int  pressures  from  1.2  x  10  to 
.  aim  Hg.  The  results  together  with  values 
tUculated  from  the  equation  derived  by 
Bedter  from  theoretical  considerations  are 
presented  In  Table  2.  An  excellent  correlation 
between  measured  rates  and  those  calculated 
from  the  equation  derived  from  our  data  Is 
shown.  Calculatec  and  experimental  rates 
agree  with  ±20  percent  over  a  three  million- 
fold  range  of  pressure  and  a  950*C  range  of 
temperature.  The  magnitude  of  rates  which 
are  accurately  predicted  varies  by  a  factor 
of  almost  ten  million.  Values  calculated 
from  Becker’s  equation  give  fair  agreement 
at  low  pressure  but  deviate  from  measured 
rates  at  hig^r  pressure.  They  are  too  high 
by  a  factor  of  10  at  pressures  of  0.1  to 
3.0  mm  Hg  althou^  this  is  reas<xiable  agree¬ 
ment  considering  the  range  of  values. 
Langmuir’s  equation  similarly  yields  in¬ 
creasingly  poor  fit  with  measured  rates  at 
inoreas^  pressxire. 

The  foregoing  conoparisons  clearly  suggest 
that  a  common  mechanism  exists  In  oxidation 
of  tungsten  over  an  extremely  wide  range  of 
temperature  and  pressure.  Bedcer  has  pro¬ 
posed  a  mechanism  based  oa  the  fractional 
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coverage  of  adsorbed  oxygen  atpiMa.  Atoms 
arc  envisioned  oa  chemisorbing  in  two  dis¬ 
tinct  layers  with  the  energies  of  adsorption 
or  desorption  being  lower  In  tho  second  layer 
than  in  ihe  first.  Similarly,  the  energy  of 
formation  and  desorption  of  the  oxide  is 
ectimated  to  be  lower  in  the  second  layer. 
The  transition  from  two  layers  to  one  layer 
Is  postulated  to  occur  In  the  region  of  the  rate 
miximum.  The  theory  predicts  that  the 
rate  should  decrease  with  increasing  tem¬ 
perature  (energy  of  -27500  cal/mol)  at  low 
coverage  {6<  1)  and  increase  with  pressure 
to  the  1.5  power.  At  hij^  coverage  the 

rate  should  Increase  with  temperature 
(energy  of  +26300  cal/mol)  and  be  a  linear 
function  of  pressure.  The  relation  of  pres*- 
sure  and  temperature  for  a  monolayer  cover- 
age  (^=1)  as  derived  by  Becker  Is  shown  In 
Figure  11.  Good  agreement  with  the  curve 
for  the  points  of  maximum  rate  is  indicated. 
The  slope  of  106,000  cal/mol  is  defined  by 
Becker  as  the  heat  of  adsorption  of  oxygen 
on  tungsten  when  the  oxygen  atom  coverage 
is  a  monolayer  or  less. 

Although  Becker’s  theory  predicts  the  oor- 
reot  dependence  of  rate  on  temperature  in  the 
vtclnlty  of  the  rate  maximum.  It  cannot  be 
accepted  as  a  valid  description  of  reaction 
mechanism  without  additional  proof.  Any 
mechanistic  e;q)lanation  of  the  experimental 
data  must  be  consistent  with  all  aspects  of 
the  observed  behavior  over  the  entire  range 
of  pressure.  Specifically,  theory  must  account 
for  the  following  observations: 

1.  The  rate  of  oxidation  is  a  fractional 
rather  than  linear  order  of  oxygen  preasure. 
This  fact  most  likely  accounts  for  the  in¬ 
ability  of  previously  derived  rate  equations 
to  accurately  predict  rates  over  a  wide  range 
of  pressure. 

2.  The  temperature  and  pressure  de¬ 
pendency  of  rate  at  temperatures  below  tlie 
maximum  point  change  as  the  temperature 
is  decreased. 

3.  The  maximum  rate  occurs  at  anoma¬ 
lously  low  temperatures  at  hig^  pressures 
and  Its  position  is  influenced  by  gas  velocity. 
(In  this  case,  velocity  per  se  may  not  be  the 
factor  responsible  for  the  change  since  in¬ 
creased  velocity  is  accompanied  by  decreased 
gas  tem);3rature.) 


4.  The  rate  is  dependent  on  crystal  crlsa= 
tatlon;  however,  the  magnitude  of  dependence 
decreases  with  increased  temperature. 

The  overall  problem  of  developing  an 
adequate  mechanistic  explanation  of  observed 
rate  data  Is  complicated  by  micro  and  macro 
faceting  of  the  surface  due  to  orientation 
effects.  Three  sources  of  error  result  in  a 
significant  difference  between  measured  and 
true  rates  of  the  reaction.  The  surface  after 
a  few-mlnutes  test  resembles  a  mountain 
range  (Figure  3),  Peaks  and  valleys  are 
formed  as  each  crystal  orientation  exposed  to 
the  gas  a;58ume8  its  own  characteristic  rate 
of  recession.  On  close  Inspection,  it  can  be 
seen  that  the  surface  consists  of  a  multitude 
of  small  plane  areas  that  Intersect  at  well- 
defined  crystallographic  angles.  Since  the 
amount  of  metal  removed  Is  measured  at 
the  peaks,  the  weight  loss  is  less  than  the 
true  value  by  the  amount  of  material  which 
has  been  removed  from  the  valleys.  If  the 
grain  size  is  small  and  the  surface  recession 
large,  this  difference  becomes  negligible. 
/  more  serious  error  results  from  the  fact 
that  the  measured  rate  Is  based  on  recession 
of  the  peaks  ’♦ather  than  on  recession  of  the 
plane  faces  where  the  reaction  occurs,  A 
geometrical  analysis  will  show  that  the  peak 
of  a  pyramid  which  Is  growing  shorter  by 
recession  of  its  four  plane  faces  will  be 
receding  at  a  faster  -ate  than  each  face. 
Thus  the  measured  ’  ate  of  recession  is 
higher  than  the  true  rate  of  the  reaction. 
The  major  error  results,  however,  when  the 
rate  per  unit  area  Is  based  on  an  assumed 
plane  surface  area  which  is  much  smaller 
than  the  true  surface  area  eiqmsed  to  the 
gas. 

The  considerations  given  above  imply  that 
when  marked  faceting  of  the  surface  occurs, 
the  measured  rate  of  reaction  is  significantly 
larger  than  the  true  rate  of  reaction.  Since 
the  degree  of  faceting  decreases  with  in¬ 
creasing  temperature,  significant  changes 
in  slope  and  measured  values  of  activation 
energy  and  pressure  dependency  can  occur. 
This  problem  has  no  bearing  on  the  value  of 
the  data  for  engineering  purposes.  However, 
if  the  data  are  to  be  used  in  developing  a 
mechanistic  ejq>lanation,  a  serious  question 
as  to  the  validity  of  calculations  can  be 
raised.  A  study  of  rate  as  a  function  of 
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orientation  and  true  surface  area  would  be 
helpful  in  resolving  the  questions  that  have 
been  raised.  In  addition,  continuing  work  on 
adsorption  and  desorption,  effects  of  gas 
temperabire  and  velocity,  and  identillcatlon 
of  oxide  vapor  species  is  needed  to  develop 
a  completely  adequate  theory. 

The  results  of  this  investigation  are  pre¬ 
sented  In  summary  form  In  Figure  12  and 
fill  a  primary  need  for  engineering  data  for 
many  potential  uses  of  tungsten.  They  are 
expressed  as  equations  which  define  (1)  the 
boi  ndaries  where  changes  in  rate  behavior 
occur  and  (2)  the  rates  of  oxidation  within 
each  region  of  uniform  behavior  as  a  functl<» 
of  pressure  and  temperati»re.  A  low  temper¬ 
ature  boundary  that  describes  the  limits  for 
formation  of  a  visible  oxide  film  on  t’ungsten 
also  is  presented.  Due  to  a  large  change  in 
emissivlty,  it  was  possible  to  determine  the 
maximum  temperature  for  any  pressure  at 
which  solid  oxide  exists  as  a  visible  film  or 
scale  on  tungsten.  The  oxide  has  been  tenta¬ 
tively  identified  as  Wj^gO^g  by  its  charac¬ 
teristic  red-violet  color.  This  is  an  impor¬ 
tant  boundary  for  applications  in  radiatively 
cooled  structures  since  a  major  change  in 
emissivlty  occurs.  The  definl^  equation  is 
in  terms  of  oxygen  pressure;  however,  in 
air,  the  boundary  is  a  function  of  the  total 
pressure.  It  is  not  known  whether  a  change 
In  temperature  dependency  of  rate  will  occur 
on  crossing  this  boundary. 

The  {qiplicabllity  of  laboratory  test  data  to 
performance  in  operational  envlronmenhi  is 
always  an  important  conaideratlon  where 
marked  differences  are  apparent.  The  data 
presented  encon^aas  the  ^fects  of  pressure, 
temperature,  and  flow.  The  range  of  £q)plloa- 
bllity  and  limitaticns  of  the  data  have  been 
cited.  Two  important  factors  In  atmospheric 
re-entry  {plications,  however,  have  not  been 
incorporate  in  this  work.  These  are  tte 
gas  temperature  and  molecular  dissociation. 
The  gas  which  strikes  the  surface  of  a  re¬ 
entry  structure  has  been  heated  to  very  high 
tenpratures  in  passing  throu|^  the  shook 
wave,  and  the  oxygen  probably  Is  dissociated. 
The  laboratory  studies  are  based  on  the  re¬ 
action  of  a  heated  surface  with  a  molecular 
gas  that  is  close  to  room  temperature  at  low 
pressure.  Practically  all  other  oxldati(»  data 


are  from  tests  where  the  gas  and  metal  are 
at  the  same  temperature.  If  the  rate  la  deter¬ 
mined  by  a  reaction  on  the  surface  rather 
than  by  toe  impact  of  gas  molecules  with  thw 
surface,  then  the  effect  of  gas  temperature 
usually  will  be  negligible.  Langmuir  found 
that  reactloTi  rate  was  determined  by  the 
temperature  of  the  metal  and  was  not  affected 
by  variations  in  gas  temperature  over  a 
300“K  range.  Additional  work  is  needed,  how¬ 
ever,  to  prove  conclusively  the  independence 
of  rate  on  gas  temperature. 

The  effect  of  dlssooiation  of  toe  gas  before 
striking  the  surface  is  unknown  and  is  a 
factor  that  should  be  investlgatedc  If  the  heat 
of  adsorption  of  oxygen  is  a  factor  in  deter m- 
ing  rates  as  proposed  by  Becker,  then  disso¬ 
ciation  would  have  a  significant  ^fect. 


CONCLUSIONS 

1.  The  rate  of  oxidation  of  tungsten  from 
1300*  to  3350*C  (2370*  to  6060*F)  In  air  or 
oxygen  at  pressures  below  6  mm  Hg  is  equal 
for  toe  same  partial  pr^sure  of  oxygen.  Rate 
is  a  function  of  metal  temperature,  oxygen 
pressure,  and  crystal  orientation. 

2.  In  static  or  slowly  moving  air  at  all 
pressures  and  In  oxygen  at  pressures  above 
3.0  nun  Kg,  rates  may  be  limited  by  transport 
of  oxygen  to  the  surface.  High  velocity  flow 
Is  needed  to  provide  a  known  and  constant 
pressure  of  oxygen.  When  a  oemstant  oxygen 
pressure  Is  maintained  at  the  metal  surface, 
gas  velocity  up  to  Mach  1  has  no  effect  oa 
the  rate  of  reaction. 

3.  At  temperatures  above  a  boundary 
defined  by 

P  =  1.16!  X  lo'^axp  (-93500/RT) 

a  visible  oxide  soale  does  not  form  oc 
tungsten  in  oxygen  at  low  presstme.  In  air, 
the  boundary  is  d^ined  by  the  total  pressure. 

4c  At  temperatures  above  the  oxide-scale 
boundary,  rate  of  metal  1<^8  Is  described  by 
tl^  relation 

I-S25I8  1^/**  «sp(.45SWm)qm/cm^/min 
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5.  A  transltlMi  In  rate  behavior  occurs 
at  a  boundary  defined  by 

=1.082  X  l0'°«Rp  (.93500/RT) 

At  temperatures  above  this  traositioa,  the 
rate  of  tungsten  loss  is  described  by 

0i2  9 

20  P  sxp  (“  24500/IT )  gm/cm^/min 

8.  The  rate  of  oxidation  reaches  a  maxi-> 
mum  at  a  temperature  defined  by 

^  =  2.537  X  I0^sxp(-I04000/RT) 

The  maximum  rate  of  metal  loes  at  any 
pressure  is  g^ven  by  the  relation 

R^s  0.295  gm/cm^/mln 

W  0^ 

At  pressure  above  10*^  mm  Hg.  behavior 
near  the  temperature  of  maximum  rate  is 
influenced  by  gas  velocity. 

7.  At  tenq>eratures  above  the  rate  maxi- 
mum»  die  rate  of  metal  loss  increases  as  a 
linear  function  of  oxygen  pressure  and  de* 
creases  with  ten^rature. 

8.  A  oomjnom  mechanism  appears  to 
exist  in  the  oxidation  behavior  of  tungsten 
at  high  temperatures  in  oxygen  at  pres- 

sures  from  10  to  at  least  10  mm  Hg.  The 
empirical  rate  quations  in  conclusions  6  aiul 
6  above  will  aoixirately  predict  rates  whidi 


vary  by  a  factor  of  up  to  10  million  in  this 
pressure  range. 
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TABLE  1 

_ REPRODUCIBIUTY  OF  OXIDATION  RATES 

TURBULENT  OXYGEN 


1627*0  -  0.22  MM  HG 


DATE  -  5/17/62 

5/21/62 

7/31/62 

0.00717 

0.00882 

0.00874 

0.00980 

0.00923 

AV6.- 0.00875  il8% 

2«-»20% 

1960*0-  0.92  MM  HG 

DATE  -  7/30/62 

9/14/62 

9/18/62 

0.0756 

0.0716 

0.0737 

0.0777 

0.0733 

0.0763 

0.0767 

0.0765 

AV6.-  0.0752  ±5% 

2<r«  5.2% 

2755*0-  3.0  MM  HG 

DATE  -  6/20/62 

^li/62 

9/18/62 

0.465 

0.402 

0.420 

0.409 


AVG  -  0.424  19.7% 


2^>  11.6% 


CALCULATBO  VS  EXPBRIMBNTAL  RATES  AT  LOW 
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FIGURE  1.  Oxidation  Rate  Apparatua 
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FIGURE  2.  Pyrometer  va  True  Tempemture  Calibration 
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FIGURE  3.  Orientation  Dependence  of  Rate  at  Low  Preeauro 
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FIGURE  4.  Eff  ;ct  of  Structure  tiad  CompoBitio  .  on  Rate  Measurements 
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FIGURE  5.  Effect  ol  Gfts  Dynamicii  oa  Qsidatiou  Rates  in  Air 
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FIGURE  6.  Comparison  of  Oxidation  Behavior  in  Air  and  Oxygen 
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FIGURE  7. 
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Results  of  Tests  from  1300*  to  3350*C  In  Oxygen  at  0. 11  to  3. 0 
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FIGURE  8.  Pressure  Dependency  of  Rate  in  Oxygen 
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FIGURK  10.  Pressure  Dependency  of  Maximum  Rate  of  Oxidation 
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OXIDATION  BEHAVIOR  OF  TANTALUM  AND 
NIOBIUM  AT  HIGH  TEMPERATURES 

Par  Kofttod* 


INTRODUCTION 

A  major  Bhortoomlng  of  tantalum  and  ni¬ 
obium  as  hi(^-tempsraturs  msteriala  is  their 
pronounced  reactivity  with  oxygen  and  other 
gases  at  elevated  temperatures.  In  con¬ 
sidering  qiplicatlons  of  tantalum  and  niobium 
and  their  alloys  as  constructional  materials 
at  hi^  temperatures  a  detailed  knowledge 
and  understanding  of  the  oxidation  behavior 
of  these  metals  is  re<iulred. 


Figure  1  which  gives  results  of  gravimetric 
oxidation  rata  measurements  in  1  atm  of 

at  500*  to  575*C  (Reference  4).  The  parabolic 
**inoubation**  period  tor  the  breakaway  oxi¬ 
dation  becomes  shorter  wlto  increasing  tem¬ 
perature.  At  and  above  600*C  the  incubation 
period  becomes  too  short  to  be  observed  in 
the  gravlmetilo  measurements. 

Oxidation  during  Incubation 


The  oxidation  behavior  of  niobium  and 
tantalum  have  many  features  in  common. 
Both  ejdilbit  a  complex  oxidation  behavior 
which  involves  oxygen  dissolution  in  the 
metal  and  formation  of  various  oxide  phases 
which  include  those  of  metallic  and  hig^r 
oxides.  The  relative  importance  of  the  various 
part-processes  vdilch  constitute  the  total 
oxidation  reaction  is  dependent  on  temper¬ 
ature,  oxygen  pressure,  and  time  of  oxidation. 

Studies  at  this  laboratory  on  the  oxidati<m 
of  tantalum  and  niobium  are  described  and 
discussed  in  this  pq>er.  Tantalum  is  oon- 
sldered  first  because  in  the  author's  opinion 
the  oxidation  behavior  of  this  metal  is 
somevdiat  better  understood  at  present. 
Niobium  is  considered  In  less  detail  since 
many  of  the  more  general  conclusions  and 
interpretations  for  tantalum  also  apply  to 
niobium.  More  detailed  reports  on  various 
aspects  of  the  oxidation  behavior  of  these 
metals  have  been  published  elsewhere 
(References  1  to  8). 

OXIDATION  OF  TANTALUM 


During  the  incubation  period  oxidation 
involves  ojgrgen  dissolution  in  the  metal  and 
formation  the  metallic  oxide  phases  of 
tantalum  (suboxides)  TaO^  and  TaO^  (Ref- 

erences4and  5).  TaO^  has  only  been  observed 

after  oxidation  at  and  below  600*0.  During 
ttie  early  stages  of  the  incubation  period  no 
Ta^Og  has  been  detected  on  the  noetal  surface. 

The  initial  oxidation  of  tantalum  may  thus  be 
described  by  toe  tollowing  equations: 


chemlvorbed 


(I) 


Oxidatioc  of  Tantalum  at  600*  to  800*0 

Oxidation  of  tantalum  below  600*0  initially 
iqq>roximatss  a  parabolic  stage.  This  is  fol¬ 
lowed  by  a  breakawiqr  oxidation  which  bo 
conoes  linear.  These  features  are  shown  in 


The  metallic  oxide  phases  grow  as  oxide 
platelets  and  wedges  SKtending  into  toe  metal 
from  toe  surface.  TaO^  grows  as  platelets 

parallel  to  toe  UO  sets  of  planes  of  toe 
metal  ^References  7  and  9).  An  exanqile  of 
TaO|  formation  is  Niown  in  Figure  1.  whidi 
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rafars  to  a  tantalum  apaolman  oidrn  lad  fo? 
1300  mlmttas  at  OOO'^C  and  0.01  Torr 
(Rafaranoa  7).  * 


Mlorohardnaaa  traTaraaionoxidlaadapao- 
imanf  haaa  ahown  that  thaoxyganpanatration 
Into  tha  matal  agraas  with  oaloulatad  raluaa 
(Rafaranoa  10)  uting  tha  dilfualon  coatficiant 
of  oxygan  in  tantalum,  0*0.01  exp  (-27,700/11?). 
aa  datarmlnad  from  intamal  friction  maaa- 
uramanta.  Furtharmora,  lattloa  paramatar 
maaauramanta  dlraotly  on  oxldlaad  aurfaoaa 
(Rafarancaa  4  and  5)  have  indicatad  that 
during  tha  Incubation  paxiod  the  oxygan  oon- 
cantration  at  tha  matal  aurfaoa  raaohaa 
5  to  7  atomic  walf^t  paroant. 


Ai*  nc 


'Pa  r\  aA 

**  **'  ' 


u 


dataotad  on  tha  purfaoa.  Thua  tha  hl^  oxygan 
ooncantrationa  probably  partaln  to  an  aqpil' 
librium  of  Ta-0  aolld  aolutiona  with  TaO^. 

'iliia  again  Infara  that  TaO.  la  mataatabla. 

It  ahorild  alio  ba  notad  that  auperaaiurationa 
of  ojQTgan  in  tantalum  ara  nacaaaary  to 
initlata  oxlda  nudaation.  During  later  atogaa 
of  tha  raaotion  and  aa  larga  amounta  of 
T.JO5  fom»d  on  tha  wrfw.,  th.ox]r(.n 

oonosntratlon  at  tha  metal  aurface  deoraaaea 
and  probably  approachea  tha  aolubillty  char- 
aotorlatic  of  Ta>0  aolld  aolutiona  in  equilib¬ 
rium  with  Ta^Og  (Refaranoaa  4  and  5). 


In  terma  of  tha  above  meohanlam  it  la  of 
interaat  to  oompare  theoreticaily  aatimated 
weight  galna  due  to  o?grgan  diasolutlon  alone 
with  the  a^qMriinantaUy  meatured  valuea. 
Tha  amount  of  diaaolved  oxygan  may  bs  ae- 
timatad  from  the  aquation  (Rafaranoa  11) 

ns|J284Vn  ic-cj  (4) 

where  repraflenta  the  oxygen  oonoe^tratlon 

at  tha  matal  aurfaca  nd  the  oxygen 

impurity  content  in  the  matal.  By  uaing  a 
value  of  6  atomic  weight  percent  for  the 
oxygen  concentration  at  tha  metal  aurfaca, 
tha  calculated  weight  gain  due  to  ox^n 
dlaaolution  at  500*C  ia  glvon  by  tha  broken 
Una  in  Figure  1.  Tha  aatimated  and  maaaurad 
weight  gaina  ahow  agraamant,  thua  oonflrmii^ 
the  propoaed  meohanlam.  Tha  weight  gain 
above  that  of  tha  oxygen  dlaaolution  la 
furthermore  oonoluded  to  reflect  the  for¬ 
mation  of  TaO  and  TaO,. 

y  * 

It  ahould  ba  noted  that  oxygan  concen¬ 
tration  of  5  to  7  atomic  weiih^  percent  axoeada 
the  equiUbrlum  aolubillty  of  oxygen  In  tanta¬ 
lum  at  thaaa  temperatuzea.  Vaughan  et  al. 
<'Referanoa  12)  found  aa  oxygen  aolubiUty  of 
2.6  atomic  wel|^t  percent  at500*C.  However, 
thia  latter  aolublUty  refera  to  tantalum- 
oxygan  aoUd  aolutiona  in  equilibrium  with 
Ta^Og.  The  preaentlyobaervedoonoentratlon 

(5  to  7)  haa  been  found  either  udian  only 


Breakaway  Oxidation 

The  firat  traoea  of  Ta^O^  are  formed 

during  tho  later  atagea  of  the  incubation 
period  and  occur  in  apota  and  local  areaa 
on  tha  aurfaoa.  Breakaway  oxidation  ia  aa- 
aooiated  with  heavy  Ta^O^  formation. 

Furthermore,  electron  mlcrographa  and 
optical  examination  have  revealed  numeroua 
oraoka  and  bUatera  indicating  that  tee  oxide 
haa  little  or  no  protective  propertiea  (Ref- 
ferenoe  4).  If  tea  aurfaoa  oxide  ia  removed 
the  oharaoteriatic  pattern  of  TaO^  ia  re¬ 
vealed,  aa  ahown  in  Figure  2.  Theae  atudiaa 

alao  indicate  teat  Ta.,0-  ia  formed  on  the 

0 

TaO  plateleta  (Reference  7).  Thia  oxide 

growth  raaulta  in  aeparate  Ta^O^  nuclei  and 

it  la  concluded  that  thia  la  tte  cauae  of  tee 
diaoontinuoua  and  po^*oua  acale  under 
theae  conditiona.  ^ 

Oxidation  at  800*  to  1000*0 

Above  800*0  i  change  in  tee  kinetioa 
takea  place;  iritial  oxidatloi  again  beoomaa 
paraboUc,  and  ia  foUoweu  by  an  qiproxi- 
mately  linear  oxidation  (Refarenoe  8).  The 
initial  paraboUc  oxidation  at  varloua  oxygen 
preaaurea  at  900*C  ia  ahown  in  Figure  8. 

Concurrently  wlte  the  change  to  a 
paraboUo-Unear  oxidation  above  8(}^  there 
in  a  change  in  the  reaction  aoheme.  Alteoui^ 
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T«0  it  tha  iDtonnedicte  reaction  product 
z 

below  800*C,  X-ray  diffraction  meaaurements 
Indicate  that  TaO  gradually  becomes  the 
intermediate  reaction  product  above  this 
temperature.  However,  TaO  is  only  present 
in  trace  or  small  amounts  at  the  metal- 
oxide  interface  (Reference  8). 


At  these  temperatures  (above  800*C)  X-ray 
diffraction  measurements  of  the  tantalum 
lattice  parancteter  Indicate  that  the  oxygen 
concentration  at  the  metal  surface  is  approxi¬ 
mately  equal  to  the  solubility  limit  for  Ta-0 
solid  solutions  in  equilibrium  with  Ta^O^. 

On  this  basis  calculated  weight  gains  due  to 
oxygon  dissolution  alone  have  been  estimated 
by  the  use  of  Equation  4.  The  values  are 
indicated  by  the  broken  line  in  Figure  S.  Ibe 
weight  gain  due  to  oxygen  dissolution  is  of 
minor  inqiortanoe  compared  to  the  total 
weif^t  gain  except  at  the  very  initial  stage 
of  ^  reaction.  However,  the  importance  of 
oxygen  dissolution  Increases  with  decreasing 
oxygen  pressure. 


Initial  Parabolic  Oxidation  Ab'tve  800*C 

During  the  parabolic  stage  above  800*C 
is  the  main  reaction  product,  and  it 

is  concluded  that  the  initial  parabolic  oxi¬ 
dation  above  800*C  is  governed  by  a  rate¬ 
determining  transport  of  oxygen  ions  throu|^ 
the  Ta^Og  scale  according  to  a  Wagner-type 

mechanism. 


The  parabolic  rate  constants  for  Ta^O^ 

formation  at  900*  and  1000*C  are  dependent 
on  c^grgen  pressure,  as  shown  in  Figure  4. 
At  900*C  the  parabolic  rate  constant  is  pro- 

i/s^ 

portional  to  po^  at  and  above  1  Torr  O2. 

From  1  te  0.1  Torr  there  is  a  relattvely 

large  drop  in  the  value  of  the  parabolic  rate 
constant,  and  at  0.1  to  0.01  Torr  the 

parabolic  rate  constant  is  eseentiaUy  inde¬ 
pendent  of  oxgrfen  preseure.  At  1000*C  a 
similar  change  in  oxj^n  pressure  depend¬ 
ence  takes  place  between  10  and  1  Torr  Og. 


The  change  in  oxygen  preseure  dependence 
is  probably  related  to  the  defect  structure 
of  Ta^Og  (Reference  IS).  This  oxide  has 

been  found  to  be  a  p-conduotor  at  oxygen 
pressures  close  to  1  atm  and  an  n- 

conduotor  at  lower  oxygen  pressures.  It  has 
been  proposed  that  Ta^O^  has  an  anti-Frenkel 

defect  structure  Involving  oxygen  interstitials 
(p-type)  and  oxygen  vacancies  (n-type).  At 
900*  and  1000*C  the  p-n  transitions  take  place 
at  0.8  and  S.5  Torr  O^,  respectively,  and  the 

transition  pressures  are  indicated  by  the 
stippled  vertical  lines  in  Figure  4.  The 
results  suggest  that  the  change  in  ox3^{en 
pressure  dependence  of  the  parabolic  rate 
constant  occurs  at  oxygen  pressures  corre¬ 
sponding  to  those  of  the  p-n  transitions,  and 
the  results  are  thus  in  general  agreement 
with  Wagner's  oxidation  theory.  On  the  basis 
of  this  model,  the  defect  structure  of  the 
in  the  scale  predominantly  involves 

oxygen  vacancies  at  pressures  lower  than 
those  of  the  p-n  transition,  udiile  above  teis 
pressure  an  outer  layer  of  the  scale  also 
consists  of  Ta^O^  predominantly  involving 

interstitial  oxygen. 

The  parabolic  rate  constants  both  above 
and  below  the  p-n  transitiODS  have  an  acti¬ 
vation  mergy  of  46  koal/nK>le  (Reference  8). 
It  ir  concluded  that  this  aotivatton  energy 
corresponds  to  that  of  o^qrgen  vacancy 
dil^lSion. 

Breakaway  Oxidation  Above  800*C 

The  transition  from  parabolic  to  linear 
oxidation  above  800*C  exhibits  a  breakaway 
type  of  behavior  at  tee  higher  oxygen 
pressures.  This  may  be  seen  in  Figure  6 
which  shows  the  results  of  the  gravimetric 
oxidation  rate  measurements  at  various 
ox3^n  pressures  at  1000*C.  On  the  basis 
of  these  measurements  it  is  oonoludsd  teat 
the  transivHon  is  a  result  of  a  breakdown  of 
the  proteoi  ve  scale  through  cracking  due 
to  stresses  in  tee  oxide  scales.  Metallo- 
graphio  examinations  of  oxide  scales  oa. 
specimens  oxidiaed  well  into  tee  linear 
region  also  suggest  a  porous  scale.  At  tee 
metel-oxids  interface  traces  of  an  oxide 
apparently  different  from  tee  bulk  oxide 


I'S 


ML-TR-64-162 


w«pe  also  observed,  and  \jy  comparison  with 
th«  ^-ray  diffraction  measurements  it  is 
concluded  that  these  reflect  Uu»  presence  of 
TaO, 

Oxygen  Pressure  Depenctenee  and  Mechanism 
of  Linear  Oxidation  it  500*  to  1000*C 

An  Arrhenius  i^ot  of  the  linear  rate  constant 
In  the  temperature  range  500^  to  100Q*C  ia 
shown  in  Figure  6.  At  one  atm  a  reversal 

in  the  temperature  dependence  taken  place 
at  about  700*  to  760*C.  At  100  Torr  O^  the 

oxidation  rate  is  approximately  Independent 
of  temperature,  and  at  10  Torr  O^  and  below, 

DO  reversal  occurn.  At  all  pressures  the 
linear  rate  constant  increases  rapidly  with 
temperature  above  800*C. 

A  plot  of  the  linear  rata  constant  at 
500*  to  1000*C  as  a  function  of  oxygen 
pressure  is  shown  in  Figure  7.  The  linear 
rate  shows  a  varying  deper^nce  on  the 
oxygen  pressure  and  a  comparison  of 
Figures  6  and  7  shows  that  the  reversal  in 
temperature  dependence  may  be  considered 
to  arise  from  differences  in  the  oxygen 
pressure  dependence  above  10  Torr  Oj. 

A  oonsideration  of  temperatures  below 
800*C,  udieie  TaO  is  the  Intermediate  re“ 

X 

action  product,  reveala  that  the  '  near  rate 
constant  tends  to  become  Independent  of 
oxygen  pressure  at  low  temperatures 
(e.g.,  500*C)  and  high  oxygen  pressures, 
but  is  proportional  to  the  square  root  of  the 
oxygen  pressure  at  high  temperatures  (700*C) 
and  low  oxygen  pressures.  This  oxidation 
behavior  is  interpreted  in  terms  of  an  o^gen 
chemisorption  equilibrium  prior  to  the  rate¬ 
determining  formation  of  Ti^O.  from  TaC  . 
This  may  be  written  *  ^  * 

aitt  +  1/2  0-sit#  (5) 

or 

0-sit#  +  Too,  Ta,0e  (6) 

Z  C  9 

Equation  5  involves  chemisorption  of  oxygsn 
on  TaO^  and  Equation  6  denotss  the 


rate-determining  formation  of  which  is 

proposed  to  be  governed  by  nwcleation  and 
growth  of  TajOg  nuclei.  The  duration  of  the 

Incubation  period  discussed  above  is  con¬ 
cluded  to  be  the  result  of  the  time  lag  es- 
soclatad  with  the  nucle&tlon  and  growth  of 
Ta^Og  nuclei  (Reference  4). 


According  to  Equations  5  and  6  the  linear 
rate  of  oxidation  is  given  by 
1/2 


ok  Kp, 


tin 


°2 


(7J 


where  a  is  the  number  of  available  chemi- 
BOT,  don  sites. 


In  the  limiting  cases  Equation  7  reduces  to 
!/2 


ak  Kp^ 


tin 


(RT) 


1/2 


when(RT}'^^»Kp'''^ 

"2 


(6} 


and  to 

k,.  s  qk  when  (RT)*^^  (9) 


Thus  at  high  temperatures  and  low  oxygen 
pressures  the  rate  of  Ta.O.  formation  will 

*  ®  1/2 
become  approximately  proportional  to  Pq  , 

2 

but  at  low  temperatures  and  high  oxygen 
pressures  TSgOg  formation  will  be  iq)proxi- 

mately  Independent  of  oxygen  pressure. 


The  experimental  results  below  800*C 
give  the  values  (Reference  4)  for  K  and 
ak  as  follows: 


I'l.MO  )ond  ak"l.7XI0 


Tim 

it' 


(when  expressing  pQ^  in  atmospheres  and 

R  In  liter-atm/*C/mole  *0),  Calculated  values 
of  kj^  (Equation  7)  axe  given  by  the  dotted 

lines  In  Figure  7.  A  good  agreement  is 
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obtained  between  the  experimental  results 
and  the  ass'uned  model. 

The  above  value  of  K  gives  a  heat  of 
chemisorption  of  o;.7g0n  of 

Ah  =  128.9  kcol/moie 
chem 

From  Equations  7-9  we  see  that  the  linear 
oxidation  has  an  activation  energy  of 
71,1  kcal/mole  when  Is  Independent  of 

oxygen  pressure  (Equation  9)  and  an  apparent 
activation  energy  of  6.7  kcal/mole  when 
1/2 

kjjn  ®  P02  {Equation  8).  Between  these 

limiting  conditions  the  activation  energy  con¬ 
tinually  chajigea  from  71,i  to  6.7  kcal/mole 
(Figure  6). 

At  and  above  600*C  the  oxygen  pressure 
dependence  of  the  linear  rate  constant  Is 
interpreted  in  terms  of  a  similar  model. 
The  only  dlffererK.e  irom  the  above  treatment 
is  tliat  TaO  is  .he  intermediate  reaction 
product  above  800*C.  The  oxygen  pressure 
dependence  n  y  thus  l^e  described  by  an 
equation  which  is  equal  to  Equation  7  but 
which  contains  different  values  for  a,  k,  and  K, 

For  the  residts  at  80C*  to  1000*C  It  is  not 
equally  easy  to  estimate  values  of  the  parame¬ 
ters  In  Equation  7.  Furthermore,  Figure  10 
shows  that  the  apparent  activation  energy 
increases  from  8OO*  tc  1000*C.  Thle  Is 
interpreted  as  reflecting  a  gradual  transition 

in  the  >xidation  mechanism  from  TaO  to 

£ 

TaO  as  an  intermediate  reaction  product.  In 
terms  of  Equation  7  this  means  that  the 
munber  of  chemisorption  sites  (TaO  sites) 
also  graoually  increases  with  temperatur^- 
at  800*  to  900X. 

The  Reversal  in  Temperature  Dependence 

In  the  above  diecussion  the  reversal  in 
temperature  dependence  at  1  atm  O^  and 

750*0  has  already  been  interpreted  as  a 
result  of  the  change  in  the  oxj^n  pressure 
dependence  associated  with  the  transition 
in  reaction  r  .chanlsm.  An  additional  inter¬ 
pretation  may  also  be  made  in  terms  of  a 
decreased  thermal  stability  of  TaO  witti 
increasing  temperature. 


When  Ta.O.  is  formed  via  TaO  according 
*0  z 

to  Equation  7  it  has  been  assumed  that  the 

rate  of  formation  of  TaO  is  much  faster 

z 

than  that  of  Ta^Og,  l.e.,  that  the  surfaoe 

under  all  conditions  is  ‘‘saturated’*  with 

TaO  .  However,  if  the  thermal  stability 
z 

of  TaO  decreases  with  increasing  temper- 

ature,  the  situation  may  arise  when  the 

concentration  of  TaO  begins  to  affect  and 

z 

limit  the  oxidation.  TaO  is  formed  from 

z 

Ta-O  solid  solutions  and  is  also  simultane¬ 
ously  consumed  through  Ta^O^  formation. 

I'he  concentration  of  TaO^  may  thus  be 
described  by 


d{ToO_i  1/2 

— i  h  -  k  D 
n  0  0^ 


dJ 


110) 


In  which  k  denotes  the  rate  of  formation, 
n 

i.e.,  the  rate  of  nucleation  and  growth  of 

TaO.  nuclei  from  Ta-0  solid  oolut'on,  and 
z 

k^  denotes  the  rate  of  depletion  of  TaO^ 
through  Ta^Og  formation;  at  780*0  is 
proportional  to 


If  the  thermal  stability  of  TaO  decreases 

z 

with  increasing  temperature,  will,  ac¬ 
cording  to  the  general  theory  of  nudeatlor. 
and  growth  of  nuclei,  have  an  activation 
energy  which  decreases  with  temperature. 
Thus  as  temperature  is  increased,  k^  will 

become  of  the  same  order  of  magnitude  as 

that  of  k^.  The  occurrence  of  a  reversal 
o 

will  be  dependent  on  the  oxygen  pressure 
because  of  the  term  .  At  high  oxygen 

pressures,  the  value  of  k^  is  relatively 
large  and  may  therefore  cause  a  reversal; 

I/O 

at  low  oxygen  pressures  the  term  k^p^  will 

bo  of  minor  ingx>rtanoe,  will  not  qspreolahly 
affect  the  concentration  of  TaO^,  and  will 

cause  no  reversal  in  tbs  tempersture  de¬ 
pendence  as  observed  in  ttui  kinstlo  studies. 
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Comparison  with  PrsTious  InToatigatlons 

Oxidation  of  tantalxmi  under  conditions 
similar  to  those  cf  the  present  study  has 
previously  boon  studied  by  other  investigators 
(References  14  to  16), 

Peterson,  Fassel,  and  Wadsworth  (Ref¬ 
erence  14)  found  tantalum  to  oxidize  linearly 
at  500*  to  1000*C  at  oxygen  pressures  from 
1/2  to  40,8  atm.  The  oxidation  was  interpreted 
as  Involving  an  equilibrium  adsorption 
process  prior  .to  the  rate-determining  step. 
The  oxygen  pressure  dependence  was  fltt^ 
to  a  Langmuir  Type  1  adsorption  isothernu 

Albrecht,  Klopp,  Koehl,  and  Jaffee  (Ref¬ 
erence  15)  found  that  the  reaction  In  one 
atm  O2  follows  z  linear  rate  in  the  temper¬ 
ature  range  500*  to  1250*C.  At  1000*C  the 
reaction  followed  a  square  root  of  pressure 
dependence. 

A  comparison  between  the  present  restilts 
and  those  of  Peterson  et  al.  and  Albrectet  al. 
Is  shown  in  Figure  8.  There  is  fair  agreement 
between  the  results  of  the  three  studies.  The 
results  of  Peterson  et  al.  and  Albrecht  et  al. 
also  suggest  reversals  In  the  temperature 
dependence. 

Ong  (Reference  17)  has  presented  a  theo¬ 
retical  discussion  of  the  oxidation  behavior 
of  tantalum.  In  this  treatment  the  oxide  scale 
Is  considered  nonprotective  and  the  inter¬ 
mediate  species  involved  in  the  rate- 
determining  step  is  assumed  to  be  interstitial 
atonoic  oj^gen  in  the  metal  in  the  immediate 
region  of  the  metal-oxide  interface.  It  is 
furthermore  assumed  that  the  concentration 
of  interstitial  oxygen  is  related  to  the  oxygen 
pressure  through  an  adsorption  equilibrium 
on  the  surface.  Dilute  solution  of  oxygen  in 
tantalum  are  also  considered  non-ideal  by 
assumlt^  that  attractive  Interactions  exist 
between  intorstltial  oxygen  atoms. 

By  estimating  and  assuming  values  for  the 
enthalpy  of  adsorption  of  morgen,  the  entropy 
and  enthalpy  of  solution  ofoxygen  In  tantalum, 
and  the  interaction  energy  between  interstitial 
oj^ygen  atoms,  Ong  has  calculated  values  for 
the  llmiar  rate  constant  as  a  fxmotion  of 
temperature  and  oxygen  prassure.  The  value 


at  0.5  atm  Is  shown  as  a  stippled  curve 

in  Figure  8.  Ong*s  treatment  predicts  a 
cuap  or  a  reversal  in  the  temperature  de¬ 
pendence  at  all  oxygen  pressures  and  main¬ 
tains  that  the  reversal  takes  place  at 
decreasing  temperature  as  the  oxygen 
pressure  decreases. 


Ong*s  treatment  does  not  give  a  satisfactory 
description  of  the  present  experimentid 
results.  In  the  author’s  opinion  one  of  Ong*s 
fundamental  assumptions  also  appears  ques¬ 
tionable.  This  refers  to  the  assumption  that 
the  concentration  of  Interstitial  oxygen  in  the 
mcital  Is  related  to  the  oxygen  pressure 
through  an  oxygen  adsorption  equilibrium  at 
oxygen  pressures  aroxind  one  atm.  Thus  by 
extrapolating  Pemsler’s  results  (Refer¬ 
ence  18)  on  the  ihermodynaml  .iS  of  the  inter¬ 
action  of  tantalum  with  oxygen,  the  partial 
pressure  of  oxygen  over  tantalum  containing 
2  atorr.  c  weight  percent  of  ox}  2«n  Is  «q)proxl- 

mately  to  atm  at  700*C.  Thermo¬ 
dynamically,  tantalum  should  thus  be  satu- 
rateu  with  oxygen  at  any  oxygen  pressure 

above  lO"^^  at  700*C.  Although  kinetic  con¬ 
siderations  are  very  important  in  this 
connection,  tliere  qjpears  to  be  no  reason 
why  the  tantalum  metal  at  the  metal-oxide 
interface  should  be  anything  but  saturated 
with  oxygen  at  pressiires  of  about  one  atm  O^. 


OXIDATION  OF  NIOBIUM 
Oxidation  at  400*  to  600*C 


The  oxidation  b6.Havlor  of  niobium  In  many 
ways  closely  resembles  that  of  tantalunu 
Thus  oxidation  of  niobium  below  500*0  in¬ 
volves  an  initial  Incubation  period  followed 
by  a  breakaway  approximating  linear  oxi¬ 
dation.  Hurlen  has  shown  by  continuous 
X-ray  diffraction  measurements  directly  on 
reacting  specimens  (Refrenoes  1  and  2)  that 
the  oxidation  during  the  Initial  stage  con¬ 
stitutes  oxygen  dissolution  in  the  metaL  In 
addition  the  formation  of  two  metaUio  oxide 
phases  (suboxides)  of  idobium,  KbO^  and 

NbO_,  also  ocotirs  (References  1,  2,  and  7). 
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The  Utter  phase  is  Isomorphous  with 
TaO  (Reference  6).  The  oxidation  during 

the  initial  Incubation  period  may  thus  be 
written 


1/2  0, 


ig) 


0 


chemisorbed 


(ID 


and 


porous  NbgOg  scale.  It  Is  probable  th&t  NbO 

and  NbOft  also  are  formed  as  intermediate 

reaction  products.  Electron  micrographs  aiiJ 
optical  examination  show  that  the  scale 
contains  large  numbers  of  crackr  and  vol- 
canollke  blli^ters  (References  1  to  3)  which 
suggests  that  the  scale  has  little  or  no  pro* 
tective  properties.  At  660*-600*C  the  oxide 
also  spalled  curing  oxidation  (Reference  3). 


0^^^-}-llb^i^^5^5!22*.iib-0sol.8ol'n  (12) 


Oxidation  at  600*  to  800*C 


Hurlen  reports  that  NbO^  could  only  be 

fotmd  on  specimens  oxidized  at  temperatures 
up  to  400*C.  NbO  is  easily  observed  on 

specimens  oxidized  at  reduced  oxygen 

pressures  at  400*  to  500*C  and  is  formed 

as  oxide  platelets  extending  into  the  metal 

from  the  metal's  surface.  One  example  of 

the  NbO  formation  is  shown  in  Fi^re  9 
z 

(Reference  7).  Both  the  metallogrc^hic  ex¬ 
amination  and  X-ray  diffraction  measdre- 
ments  suggest  that  the  (100)  plane  of  NbO 

z 

is  parallel  to  one  of  the  (100)  planes  of  the 

metal  lattice  (Reference  6).  This  is  different 

from  the  metal-auboxlde  platelet  oxidation 

relationship  for  the  corresponding  tantalum 

system.  Nik)  has  not  been  found  on  sped- 
z 

mens  oxidized  above  600*C. 


At  temperatures  above  600*C  there  is  a 
change  in  the  idnetlcs  and  mider  these  con¬ 
ditions  the  Initial  oxidation  exhibits  (as  de¬ 
scribed  before)  a  protective  parabolicliks 
behavior,  which  is  followed  by  an  almost 
linear  oxidation.  This  is  shown  in  Figure  10 
which  gives  results  of  oxidation  rate  meas¬ 
urements  on  niobium  at  700*C  (Reference  3). 

NbO  is  no  longer  observed  at  the  metal-oxide 
z 

interface  at  these  temperatures  (Refer¬ 
ences  1  to  8);  rather,  on  specimens  oxidized 
at  reduced  oxygen  pressur  ,;}  we  find  NbO 
and  NbO^  as  intermediate  reaction  products 

(References  1  to  3).  Thus  it  is  concluded  that 
at  these  temperatures  the  reaction  scheme 
changes  from 

zol.sol’n-^llbOj-^lbO-^llbOj-^llb^Oj  (13) 


Lattice  parameter  detarminatlona  on 
specimens  oxidized  during  the  incubation 
period  indicate  that  the  cubic  lattice  param¬ 
eter  of  niobium  at  the  surfsce  max  reach 
values  as  hl^  as  3.328  to  3.340  A  (Ref¬ 
erences  1  and  3).  These  results  compared 
with  Seybol^s  (^ference  19)  valiies  of  the 
lattice  parameter  as  a  function  of  oxygen 
concentration  indicate  that  large  apparent 
siipersaturatlons  of  oxygen  in  niobium  occiir 
during  the  Incubation  period.  It  is  proposed 
that  these  large  oxygen  solubilities  refleot 
niobium-oxygen  solid  solutioiis  in  ''equi¬ 
librium"  with  NbO  and  NbO  rather  than 
with  NbO.  *  * 

The  transition  to  breakawi^  oxidation  is 
associated  witii  ^^2^5  bpots 

on  the  surface,  while  the  breakaway  oxidation 
involves  the  formation  of  a  heavy  and 


to 

Nb-0  $ol.»ol'n~^NbO— ►NbOg— ►NbgOj  (14) 

Lattice  parameter  measuxemante  on  the 
metal  surface  of  specimens  oxldixad  at  re^^ 
duced  oxygen  preesures  at  700*C  have  given 
a  lattice  parameter  v'^lue  of  about  8.314  A 
(Refirenoe  3).  Thus  the  o^^gen  conoentratton 
at  the  metal  surface  ie  smaller  compared  to 
lower  temperatuiee.  Behavior  equivalent  to 
that  diaouaaad  above  was  also  observed  for 
tantalum.  This  decrease  in  the  oxygen  oon- 
oentration  is  due  to  an  abaenoe  of  NbO 

z 

under  these  oonditions  and,  aa  a  result,  Ibe 
oxygen  oonoentratlon  at  the  metal  surf/ioe 
now  qpproaohea  the  value  oharaoteriettc  of 
Nb-0  aolld  solution  in  equilibrium  with  NbO. 
An  estimate  of  the  relative  Importanoe  of  foe 
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oxygen  dissolution  is  shown  ss  a  broken  curve 
in  Figure  10.  The  values  have  been  estimated 

assuming  D  »  2(12,10"^  §xp  (-26,900/RT) 
(Reference  27)  and  c  *  0.7  atomic  weight 

9 

pe  •cent  o'  oxygen  (Reference  21).  The  esti¬ 
mates  indicate  that  oxygen  dissolution  la  of 
miner  imj^rtance  compared  to  the  total 
we^^t  gain  under  these  conditions. 

At  the  higher  oxygen  pressures  Nb2  Ogi. 

the  main  reaction  product  under  these  con¬ 
ditions  and  it  is  believed  that  the  protective 
oxidation  reflects  a  rate  -determining  trans¬ 
port  of  oxygen  through  the  y-Nb^Og  scale. 

Unfortunately  the  defect  structure  of  y-Nb^Og 

is  not  known,  but  this  oxide  is  isemorphous 
with  ^S-Ta^Og  and  it  would  not  be  unreasonable 

to  assume  that  the  two  oxides  also  have  the 
same  defect  structure.  The  same  inter¬ 
pretation  would  thus  apply  to  the  initial  para¬ 
bolic  oxidation  of  niobium  at  600*  to  800*C  as 
it  would  for  tantalum  at  800*  to  1000*Cc 

The  linear  oxidation  follov^fw  the  initial 
parabolic  stage  exhibits  at  the  lilgher  oxygan 
pressures  a  breakaway  type  of  behavior.  ']l^s 
is  also  evident  from  Figure  10.  It  is  thus 
concluded,  as  in  the  case  of  tantalum,  that 
the  paratollc-line&r  transition  reflects  a 
breakdown  of  the  protective  scale.  The  re- 
•iilting  linear  oxidation  :  j  furthermore  inteiv 
preted  to  be  governed  by  the  rate  of  nucleation 
and  growth  of  Nb^Og  at  the  metal-oxide 

Interface  beneath  the  cracks  in  the  oxide 
scale. 

Oxygen  Presksure  DepsJ^Ierce  and  Mechanism 
of  Linear  Oxidation  at  to  800*C 

As  shown  by  many  invc  i.gators  the  linear 
oxldxtion  of  niobium  at  one  atm  O2  exhibits 

a  reversal  in  the  temperature  dependence 
at  about  600*C  (References  3,  22  to  24).  An 
Arxhenius  plot  of  the  linear  rate  constant 
at  500*  to  800*C  at  1  atm  O2  is  shown  In 

Figure  11  (Reference  3).  At  76  Terr 
Qulbransen  arid  Andrew  (Reference  25)  found 
the  oxidation  to  be  ^^roxikrtately  independent 
of  temperatisre  at  about  600*C,  and  at  lower 
oxygen  pieseuree  such  revereals  are  absent 
(IMerence  3). 


A  plot  of  the  linear  rate  constant  as  a 
function  of  ojygen  pressure  is  shown  in 
Figure  12  (Reference  3).  The  revereal  may, 
as  in  the  case  of  tantalum,  be  considered  to 
be  due  to  a  change  In  the  oxygen  pressure 
dependence  at  the  higher  oiygen  pressures. 

Below  600*C  the  o;ygen  pressure  depend¬ 
ence  of  the  linear  oxidation  also  closely  re¬ 
sembles  that  of  the  oxidation  of  tantalum. 
As  suggested  by  the  results  in  Figure  12  and 
as  demonstrated  by  Hurlen  (Reference  1  and  2) 
the  linenr  rate  constant  becomes  aqpproxl- 
mately  Independent  of  oxygen  pressure  at 
low  temperatures  and  hl^  oxygen  pressures 

1/2 

and  is  proporticnal  to  P(^  at  low  oxygen 

pressures.  Thus  the  ojygen  pressure  de¬ 
pendence  and  the  oxidation  mechanism  may 
be  described  by  an  equation  equivalent  to 
Equation  7.  The  only  difference  between 
niobium  and  tantalum  is  that  the  oxygen 

1/2 

pressure  dependence  is  higher  than  p(;^ 

above  100  Terr  ©2  at  600*C  in  the  case  of 

niobium.  This  une7q.ectediy  large  oxygen 
pressure  dependence  is  not  fully  understood, 
but  it  is  believed  to  be  associated  with  the 
change  in  reaction  scheme  and  mechanism 
(from  Equation  IS  to  14)  at  this  temperature. 

At  700*  to  800*0  the  same  gradual  change 
occurred  in  oxygen  pressure  dependence  as 
it  did  for  tantalum  at  800*to  1000*0.  The  oxi¬ 
dation  meohanism  is  interpreted  in  equivalent 
teims.  The  reversal  in  temperature  depend¬ 
ence  is  furthennore  concluded  to  be  a 
result  of  the  change  in  oxygen  pressure 
dependence  associated  with  ^  change  in 
the  reaction  scheme  at  about  600*0.  As  for 
tantalum,  an  additional  interpretation  may 
be  made  in  terms  of  iescrlbed  thermal 
stability  of  NbO^  and,  on  oxidation,  rsactlon 

governed  by  nucleation  and  growth  of  oxide 
nuclei.  A  more  detailed  discussion  of  such 
a  melanism  has  been  given  elsevdiere 
(Reference  26). 

SUMMARY  AND  OONOLUSIONS 

The  oxidation  behavior  of  niobium  and 
tantalum  below  1000*0  are  closely  simitar. 


IVllj-iK-04-10a 


The  initial  oxidation  at  low  temperatures 
(<500*  to  eoO'^O)  involves  oxygoi  dissolution 
in  the  metal  and  the  Tormation  of  metallic 
oxide  phases.  The  initial  stage  is  followed 
by  a  breakaway  oxidation  which  is  associated 
with  pentoxlde  formation  on  the  metallic 
oxide  phases. 

At  about  600*  and  800*  C  for  niobium  and 
tantalum,  respectively,  there  is  a  change  in 
the  reaction  mechanism.  Above  these  ten^ier- 
atures  the  metallic  oxide  phases  are  no  longer 
foimd  at  the  metsd-oxlde  interface.  Concur¬ 
rently,  the  initial  oxidation,  i^ch  primarily 
involves  pentoxlde  formation,  is  approxi¬ 
mately  parabolic,  and  we  conclude  that  during 
this  .  tage  the  reaction  is  govezmed  by  a  rate- 
determining  diffusion  of  oxygen  throujj^  the 
pentoxlde  scale.  The  parabolic  stage  is  fol- 
fowed  by  a  nea^  linear  oxidation,  i^ch  is  a 
result  of  a  breakdown  of  the  protective 
properties  of  the  scale. 

Arrhenius  plots  of  liie  linear  oxidation  rate 
constants  show  reversals  in  the  temperatuie 
dSDendence  at  one  atm  O.  at  about  60h*C  luid 

700*  A  to  750*C  for  niobium  and  tantalum, 
respectively.  At  lower  oxygen  pressures 
corresponding  reversals  are  absent.  The 
reversals  are  concluded  to  be  a  result  of 
the  change  in  oxygen  pressure  dependence 
associated  with  the  changes  in  the  reaction 
schemes  at  corresponding  tenq)eratures.  An 
additional  cause  of  the  reversal  may  be  a 
decreased  thermal  stability  of  the  metallic 
oxide  phases  which  are  Intermediate  reacticn 
products  at  lower  temperatures. 

At  temperatures  above  '00*  to  700*C  and 
at  oxygen  pressures  above  about  0.01  Torr, 
oxygen  dissolution  is  of  minor  importance 
compared  to  the  total  weight  gain  during 
oxidation.  However,  the  oxygen  dissolutic.i, 
which  is  governed  the  rate  oxygen  diffuiiion 
into  the  metal  as  long  as  oxide  is  present  on 
the  surface,  is  relatively  rapid.  Because 
dissolved  oxygen  has  adverse  effecbi  on  the 
mechanical  properties  of  niobium  and  tanta¬ 
lum,  the  oxjrgen  dissolution  is  an  important 
pfurt-prooess  in  considering  o<matruotional 
applications  of  these  metals. 

In  attempting  to  alloy  niobium  and  tantalum 
for  bettor  oxidation  resistance,  a  primary  aim 
must  be  to  reduce  oxygen  d' ‘^solution  and  the 


rate  oxygen  diffusion  in  the  metals.  Only  after 
achieving  this  should  such  alloying  additions 
be  considered  as  will  favor  the  formation  of 
protective  films  on  the  surface. 
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Figure  2.  High<-V&cuum  Annealed  Tantalum  Oxidised  at  0.01  Torr  O2  and  600*C 
for  1300  Min.  (2S0X)  (Surfime  polished  and  etched  after  oxidation. 
Platelets  of  TaO^  witti  surface  cxlde  of  Ta205.  (Reference  7) 


Figure  3.  Parabolic  Plot  of  Initial  Oxidatloo  of  Tantalum  at  9C0*C  (Reference  8) 
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|urp  4.  PiundboUo  lUte  ConiUnt  for  Ta^O^  Formatioo  at  900*  to  1000*C  aa 
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A  \gure  6.  Lineftr  Plot  of  ( 
(Reference  8) 
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Figure  8.  Arrhenius  Plot  of  Linear  Oxidation  of  Tantalum  at  500*  to  1000*C  (Referenoe  3) 
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Figure  9.  Hl|^-VACUum  Annealed  Niobium  Oxidized  at  0.01  Torr  Og  and 

500*C  for  1440  Min.  <400X)  (Surface  polished  and  strongly  etched 
after  oxidation.  (Reference  7) 
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Figure  11.  Arrhenius  Plot  of  the  Llnesu*  Rate  Constant  of  Oxidation  of  Niobium 


CONSTANT  "’9/cm*min. 
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INTRODUCTION 

A  number  of  formidable  problems  hSTe 
to  be  overcome  before  the  full  potential  of 
tungstOEi  and  tungsten-base  alloys  as 
structural  materials  can  be  realised.  On  a 
stra)(g&-to-weig^t  basis,  diey  look  partic¬ 
ularly  promising  at  tengmratures  above 
1500*C  and  are  possibly  the  only  metallic 
materials  vddoh  have  reasonable  strength 
at  2000*C  and  above.  However,  manypotential 
ai^llcations  call  for  long  service  lives  in 
oxidising  environments  Reference  1)  and 
therefore  their  poorhi|^-ten^)erature<^da- 
tion  resistance  is  a  severe  limitation. 

AlOoui^  a  number  of  shines  of  ^  in¬ 
fluence  ctf  alloying  on  the  oxidation  resistance 
of  tungsten  have  beat  made,  the  volatility 
of  the  tungsten  oxides  negates  tioe  possibility 
of  prodtming  a  satisfactory  dilute  alloy  with 
good  hlgh-teni^eraturo  oxidation  resistance 
by  the  application  of  Wagner-Hauffe  prin- 
otyles  in  order  to  modify  ^defect structure 
of  the  tungsten  oxides  (Reference  3).  Con¬ 
siderable  attention  is  being  paid  at  present, 
therefore,  to  ^  develc^ment  of  protective 
coatingB  for  very  high  tenqwrature  use. 
Some  of  those  already  develqped  by  basic¬ 
ally  empirical  programs  can  confsr  protection 
for  oc.osiderable  period  at  tes^wrataTss  of 
iQ>  to  1300*C  (H«^erence  2).  but  so  far  lusne 
are  able  to  wi^tand  temperatures  in  excess 
of  2000*C  for  reascmable  times  (Referenoel). 


In  addition  to  the  tochnologloal  difficul¬ 
ties,  sudi  as  tee  develc^mant  of  techniques 
for  tee  application  of  adherent,  pore-free 
ooatini^,  come  of  tee  present  lack  of  suc¬ 
cess  may  be  the  poor  definition  of  tee 
phenomena  teat  are  of  primary  importance 
in  determining  tee  behavior  of  coatings  at 
hi^  ten^rstures.  An  audysia  of  teeper- 
formanoa  of  Mgh-toisq>erature  coating  sys¬ 
tems  being  conducted  for  the  Aeronautioal 
Systems  Division  (Reference  4)  suggests 
t^t  this  is  tee  esse,  and  an  attempt  has 
been  made  to  define  the  relevant  iteenomena. 
From  a  practicsl  viewpoint,  however,  it  is 
not  sutBolent  sMiraly  to  identify  tee  phe¬ 
nomena;  teeir  relative  Importaaoe  must  also 
be  oonsidersd.  An  attempt  will  be  mads  to 
do  tela,  and  tee  potential  of  some  existing 
coatinf  systems  will  be  evaluated  and  tee 
types  of  ooatingi  whl(te  might  be  developed 
in  the  future  will  be  dteoussed. 

RFQUIREldSNTS  FOR  HIGH- 
TEMPERATURE  COATINGS 

An  ideal  ooating  is  one  teat  forms  a  solid 
(or  esteromely  viscous)  iimrt  and  inqmrme- 
alde  barrier  between  tee  oxidteing  snvlron- 
nteot  and  tee  protootod  axibsirate.  Alteooi^ 
this  is  essy  to  stete.  the  combination  of 
properties  needed  to  a<teieve  teis  ideal  are 
exceedini^y  complex.  Many  types  of  ooatingi 
have  been  hsvestlgatod  CReferenoe  1).  butone 
class  has  been  found  to  be  omre  suooessfol 
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mas  the  others  for  most  enviromneaiM 
oosiditloiis,  metal  coatings,  partloularly  inter  - 
metaiUo  con^xmnds,  dUftmioii-bosid^  to  the 
protected  substrate.  These  compounds  are 
usually  composed  of  metals  of  ^dely  dif" 
fering  reactiTities,  protection  being  con¬ 
ferred  through  the  oxidatton  oharaoteristio 
of  the  most  reactive  metal.  This  will  be 
the  (mly  type  to  be  omsidered. 

The  success  (rf  this  type  of  coating  has 
been  acddev^  ev^  though  it  is  not  inert. 
Upon  exposure  to  air,  any  metal  siu^face 
is  covered  Ity  oxide,  and  possibly  nitride, 
layers:  furthermore,  reactions  occur  be¬ 
tween  the  coating  and  the  substrate  and, 
indeed,  are  a  necessity  if  good  adherence 
is  to  be  obtained.  It  is  hi^y  desirable, 
therefore,  that  the  products  of  these  re¬ 
actions  as  well  as  the  initial  ooating  should 
be  solids  or  extremely  viscous  liquids  at 
operational  temperatures. 

As  weU  as  ^mloal  reactions,  purely 
physical  processes  may  proceed  at  slgni- 
hoantly  rapid  rates  at  higi  tenqMratures 
and  toerefore  must  be  considered,  the  most 
inqrartant  of  these  being  diffusion  and  vtqx>ri- 
sation.  One  factor  which  controls  the  rate 
of  oxidation  through  a  proteoti  ^e  oxide  film 
is  diffusion  either  of  cati<ms  or  anlous 
torouih  ^  oxide.  At  low  or  intorm^ate 
tenqwratures,  toe  rate  becomes  small  after 
a  film  of  reasonable  toidmess  is  formed, 
but  at  high  tenq>erature  (and  the  tesq»era- 
tures  for  protection  of  timgstok  certainly 
fall  in  this  category),  toe  rate  of  diffusi<m 
can  be  the  factor  vtoidt  ooatrols  time  to 
failure.  In  principle,  toe  rate  of  gaseous 
permeation  is  also  of  Inqwrtance,  ex¬ 
cept  in  a  few  spedal  oases,  tide  may  be 
ignored  in  practioe  provided  toe  coatingQ  are 
several  mils  toic^  and  lives  of  many  thousand ) 
of  hours  are  not  e^qieoted.  These  sparturee 
front  the  ideal  n  le  out  tiie  pv/ssibility  of 
developing  an  infinitely  durable  simple 
coating  consisting  of  an  inert  layer. 

The  structures  of  actual  protective  cosing 
systems  are  far  more  ooi^lex  toan  those 
of  the  ideal  system  discussed.  Multilayer 
ooating  systems  have  often  proved  to  be 
the  most  successful  and,  m  practice,  even 
coatings  applied  as  a  sini^e  layer  become 
multilayer  during  service,  due  to  reactions 


with  the  envir(»iment  and  the  substrate.  A 
WSi^  coating  on  tungsten,  for  example,  de¬ 
generates  from  a  two-layer  to  a  five-layer 
system.  Moving  in  from  the  external  surface, 
these  are: 

1.  An  outer  layer  of  oxide  which,  if  formed 
at  high  temperature,  is  mainly  SIO^. 

2.  A  layer  of  WgSi^  formed  from  the  original 
WSi2  coating  by  the  preferential  oxidation 
of  silicon. 

3.  The  residue  of  the  original  WSi^  coating. 

4.  A  layer  of  WgSi^  formed  from  the  original 
WSi^  coating,  due  to  toe  diffusiem  of  silicon 
into  the  tungsten  substrate. 

3.  The  tungsten  substrate  vdiich  is  now 
alloyed  wito  silicon. 

Both  toe  oxide  scale  and  the  sones  ad¬ 
jacent  tc  toe  scale  end  the  protected  sub¬ 
strate  thidees  with  time  and,  eventually, 
the  initial  coating  reservoir  will  be  (xm- 
sumed  entirely.  In  effect,  a  ooating  is  pro¬ 
tective  no  ICM^r  mice  this  occurs,  since 
o:tygc»  diffusing  through  the  external  oxide 
will  oome  into  contact  with  either  toe  pro¬ 
tected  substrate  or  a  layer  which  is  leaner 
in  toe  reactive  element  than  toe  original 
ooating  material,  in  toe  ci^e  of  WSi2 

coatings.  By  definition,  toe  substrate  has 
a  poor  oxidatimi  resistance  and,  in  practice, 
tLs  compounds  or  alloys  forming  toe  zones 
adjacent  to  tiie  outer  oxide  scale  and  tiie 
protected  substrate  are  seldom  as  oxidatiem- 
resistant  as  tiie  initial  coatii^  Therefore, 
knowledge  of  the  rates  of  consunqitimi  of  the 
original  layer  by  oxidation  and  reaction  with 
toe  substrate  is  of  importance.  The  rate  of 
viqxirization  may  be  significant,  and  this 
too  must  be  taken  into  consideration  along 
wito  any  pbysiologioal  effects  that  may  be 
produced  the  ooating  system. 

The  lade  of  ultra-high  tenqierature  kinetic 
data  means  that  reaction  and  vaporization 
rates  have  to  be  estimated  by  extrapolation 
of  whatever  data  is  available  for  lower 
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tamperatures.  For  meaoingful  extrapola¬ 
tion «  tha  meohanlsms  cootrolUcg  the  pro- 
o^ses  at  operatl<mfil  temperatures  must 
kno^  azul  must  be  ideotioal  to  Close 
operative  at  the  temperatures  for  whlob 
data  is  available.  Assun^ticms  that  the  me¬ 
chanisms  are  the  same  at  high  and  low 
ten^ratur^  are  partioularly  hsLardous 
with  respect  to  oxidatioa  reacCciiS.  Pro¬ 
vided  that  these  reservatioos  are  borne  in 
mind,  however,  it  is  possible  to  deduce 
some  of  Cie  factors  determining  the  pro¬ 
tectiveness  of  coating  systems  at  200(rc  and 
above  from  the  known  behavior  of  metallic 
coatings  at  lower  temperatures.  The  fore¬ 
going  arguments  have  indicated  that  the  main 
groips  of  factors  are  those  controlling 
coating  environment  reactions,  ooating- 
substrate  reactions,  and  material  loss  by 
vapor  transport. 

FACTORS  DETERMmma  THE  EFFICACY 
OF  COATING  SYSTEMS 

It  iii  not  always  a  alugile  task  to  determine 
the  relative  importac^oe  of  the  phenomena 
mentioned,  even  tu  demonstrated  protective 
coating  systema,  and  therefore  all  of  them 
must  be  considered  as  potsntial  causes  of 
failure  in  an  attempt  to  predict  toe  behavior 
of  untesUd  systems.  At  temperatures  above 
1900*C,  where  no  protective  systems  now 
exist,  it  is  necessary  to  extrapolate  toat 
which  is  known  on  eac*'  of  toe  phenomena, 
in  an  attempt  to  arrive  at  some  judgment 
as  to  itoich  factors  are  more  important. 
Throujl^  knowledge  of  what  toese  facts  are 
and  cf  their  temperature  dependence,  it 
should  possible  to  estimate  if  a  spe<^o 
coating  system  will  be  useful  at  tenyiera- 
tures  above  2009*C.  For  the  sake  of  clarity, 
each  of  the  phenommia  will  be  considered 
separately. 

Reactions  with  Environment 

The  reaction  of  most  metals  with  air  at 
low  temperatures  produces  a  oonopaot,  ad¬ 
herent  oxide  film  forming  a  barrier  between 
toe  reactants.  The  rate  of  reaction  and  film 


growth  is  then  governed  by  too  rato  of  dif¬ 
fusion  of  bo  reactants  st  very  low 
temperataroft  by  toe  rate  of  intau^olal 
reaction.  UitiSsr  toese  droumstanoeo, 
oxidation  proceeds  slowly,  sometimes  almost 
Infinitesimally  slowly.  At  high  temperatures, 
however,  many  materials  react  rapidly  to 
produce  crumbly,  porous,  or  even  volatile 
oxides.  A  fidsange  irom  one  of  reaction 
to  toe  other  can  occur  quite  suddenly  during 
an  isotoermal  oxidation  run,  or  as  a  restilt 
of  a  slight  temperature  increase,  and  give 
rise  to  a  marked  increase  in  the  rate  of 
oxidation  and  a  change  in  the  type  of  oxide 
film  growth  law  obey^ 

This  change  in  oxidation  behavior,  break¬ 
away,  is  hl^y  undesirable  if  the  oxide  is 
to  form  part  of  a  coating  system.  The  mech¬ 
anistic  and  pheoomenologioal  details  of 
breakaway  have  been  studied  for  a  few 
materials  only,  and  while  factors  su(to  as 
vaporisation  of  toe  metal  substrate,  phase 
ohanpM,  oxide  solutloa  and  re-preoJpitatioo, 
and  latttoe  mismatoh  cf  toe  oxide  and  metal, 
have  beau  suggssted  ss  causes,  no  general 
pattern  has  yet  emergsd.  No  matter  what 
the  cause,  however.  It  ie  generally  fbund 
that  toe  prooeesee  resulting  in  a  ohuge  to 
a  linear  oxide  growto  law  involve  ngrturc 
of  toe  protective  oxide  scale,  due  to  toe 
growto  of  stresses  at  toe  oxide-metal  inter¬ 
face  or  wltoin  toe  oxide  itself.  Even  toough 
the  meofaanlos  of  breakaway  are  not  under¬ 
stood  oompletely,  toe  ooodltions  under  whidi 
it  OOOU78  have  hMn  defined  for  many  oxides 
growing  from  thedr  parent  metals  In  tsrms 
of  time,  temperature,  oxide  ttloknees,  gas 
oompoeltloo,  and  preeeure.  Unfortunately, 
many  of  toe  very  refractory  oxides  whidi 
oculd  be  enqdoy^  in  costing  systems  for 
use  above  20^0  undergro  breekaway  during 
formtlioo  and  growto  'rom  their  parent 
metabi  at  quite  low  tmqperaturee  (Referenoee 
5rl7)*«If  toese  oaddee  are  to  be  employed 
in  actual  coating  systems,  means  will  have 
to  be  developed  for  toe  prevention  of  break¬ 
away.  The  achievement  of  this  objective  is 
of  major  importance  to  to»  development  of 
future  ooating  systems. 


^(Figure  1.)  Although  straight  lines  are  drawn  iu  the  figure,  this  may  be  an  cmirslmpll- 
fioatlon  of  the  data;  kinks,  and  even  tanqiorary  reversals,  in  plots  of  temperature  versus 
toe  logarithm  of  toe  time  at  wbidi  a  linear  oxide  growth  law  Ss  obeyed,  being  known  to 
occur  for  some  materials. 
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Eveo  If  breakaway  could  be  prerented  or 
delayed  and  the  films  grown  by  dUfftision- 
oontroUed  processes  at  hl|^  temperatures, 
oxidation  of  the  protected  substrate  would 
occur  ultimately  when  all  the  coating  ma> 
terial  had  been  converted  into  its  oxide 
or  oxides,  since  inward  diffusing  oxygen 
ions  would  then  come  Into  direct  c<mtact 
with  the  substrate.  Althou|^  the  onret  of 
this  could  be  delayed  1^  tee  use  of  teidcer 
coatings,  indefinite  delay  is  in^x)ssibl^.  The 
rates  of  coating  destruction  due  to  difftiSion- 
controlled  reactions  with  the  environmentcan 
be  estimated  by  extnypolatioa  of  low  tem¬ 
perature  data,  if  it  is  assumed  that  the 
controlling  difhision  mechanism  is  not  tem¬ 
perature-dependent.  Data  is  presented  in 
Figure  2  (References  5-20)  for  a  few  metals 
forming  refractory  oxides,  and  it  can  be 
seen  mat  oxidation  will  consume  10“*  to 
lO'^  gram  atoms/cm**  ^  of  all  the  metals 
choser  during  a  one-hour  e]q;)osure  at  2000*C. 
Thus,  a  coating  of  airconlum  or  beryllium 
with  a  ^ical  thickness  of  0.1  mm  will  be 
entirely  consxuned  in  Just  about  one  hour 
at  2000*C,  even  if  reactions  with  the  sub¬ 
strate  do  not  occur.  If  reasonably  thin  coatings 
ci^Mble  of  conferring  protection  for  con¬ 
siderable  periods  at  2000*C  are  to  be  de¬ 
veloped,  therefore,  this  dlfhuiioii-controlled 
rate  must  be  decreased  eiteer  by  reducing 
the  defect  concentration  of  the  lattice,  or 
by  changing  tee  lattice  itself.  At  the  very 
high  ten^Mratures  involved,  the  abundance 
of  teermal  vacancies  is  probably  such  teat 
impurity  doping  will  have  a  negdgible  effect 
and  therefore  it  may  be  necessary  to  alter 
the  lattice  structure.  One  of  tee  most  prom¬ 
ising  ways  of  changing  tee  structure  would 
be  to  attempt  to  form  some  of  the  complex 
refractory  oxides  which  have  been  ignored 
so  far  in  this  discussion.  It  is  far  from 
simple,  however,  to  suggest  vdiat  oou^lex 
oxides  should  be  formed;  alteou|^  masgr  are 
known  to  be  refractory,  few,  if  any,  of  those 
presently  identified  are  as  refi^tory  as 
teorla  and  hafnia.  Furthermore,  relatively 
little  is  known  about  diffusion  processes 
in,  or  tee  growth  idnetios  of,  oon:4)Tex  oxide 
films. 

For  the  sake  of  simplicity  and  complete¬ 
ness,  tee  data  presented  in.  Figures  1  and  2 
refer  to  tee  oxidation  of  pure  metals.  How¬ 
ever,  except  for  tee'  platinum-grotg),  it  is 
unusual  for  pure  metals  to  be  used  as  coatings. 


intermotallic  compounds  si;ch  as  silicides 
and  aiuminides  being  far  more  typicaL  In 
the  selecti(m  of  compo'^nds  as  coating 
materials,  it  is  usually  assumed  teat  teeimo- 
dynamic  factors  determine  vdiloh  oxide  will 
be  formed.  It  is  not  always  easy,  however, 
to  define  wldoh  oxide  has  tee  greatest  teermo- 
dynamic  stability  tteen  tee  subetrate  is  an 
alloy  or  compound.  The  formation  of  a  given 
oxide  automatically  depletes  the  binary  metal 
substrate  of  the  more  reaoUve  specie  and 
hence  alters  the  relative  thermodynamic 
stabilities  of  tee  components  in  tee  system. 
The  depletion  of  the  reactive  spooie  will  be 
particularly  severe  at  the  oxide-metal  Inter¬ 
face,  but  diffusltm  of  the  depleted  element 
from  the  richer  interior  will  tend  to  homog¬ 
enise  tee  ^material.  Ultimately,  a  state  of 
dynamic  equlibrium  will  be  attained  and  the 
concentration  of  the  reactive  specie  at  the 
interface,  and  hence  tee  relative  thermo¬ 
dynamic  etabUlties  of  the  various  possible 
oxidation  products,  will  be  determined  in 
part  by  tee  relative  rates  of  depletion  by 
fbrmatioa  of  oxide  and  diffusion  from  tee 
richer  re^oos  of  tee  subetrate  (Reference 
21).  The  influsnce  that  depletion  can  have 
is  well  illustrated  by  the  effects  of  stoi¬ 
chiometry  on  the  oxi^tion  of  intermetallic 
compounds:  at  lOOO’teliOO'CtWSijPrcducen 

a  protective  film  of  silica  when  tee  compound 
is  stoidUometric,  but  a  noi^rotoctive  film  of 
silica  and  ttmgston  oxides  vdaen  tee  compound 
is  silicon-lean  (Reference  2). 

Layer  growth  during  tee  oxidation  of  a 
compound  is  a  complex  process,  since  it 
is  a  special  case  of  diffusion  in  a  ternary 
system  in  which  one  conpcment  is  a  gfuto 
While  the  sequence  of  layers  in  a  binary 
system  is  determined  solely  by  the  relative 
thermodynamic  stabilities  of  the  iteases  and 
can  he  predicted  sinply  by  drawing  an  iso¬ 
thermal  line  across  the  iqprcpriate  ''base 
diagram,  this  is  not  necessarily  true  of 
layer  growth  in  ternary  systems  (References 
22-2^.  The  present  state  of  our  Imowledge 
of  ternary  dUfuslon  processes  is  fiu?  from 
adequate  and,  in  fact,  for  a  detailed  imder- 
standlng  of  layer  growte  in  a  ternary  system, 
we  are  almost  oospletely  dependent  vpoa 
the  work  of  Clark  and  RMnes  (Reference 
2<^  In  the  Al-Mg-Zn  system.  While  these 
workers  formulate  a  nunaber  of  rules  and 
oonolusions  on  the  basis  of  their  e:iqperi- 
mental  data,  no  oteer  experimental  woric 
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is  known  which  can  confim  or  contradict 
their  validity*  K  Al-Mg-Zn  system  is 
^ical,  iKSwever,  ^  relative  rates  of  dif¬ 
fusion  of  the  conqwnents  affect  not  only  tiM 
kinetics  of  layer  growth,  but  also  tlMi  com- 
positioa  and  phase  sequence  of  the  layers. 
A  quantitative  evaluation  of  the  importance 
of  this  effect  is.  regrettably,  virtually  im¬ 
possible  for  actual  coating  systems,  at  the 
moment 

Vaporisation 

Three  vaporizatiOT  prooeeaee  can  affect 
the  b^vlor  of  a  ooating  system;  v<q)orlsa- 
tim  of  the  proteottve  external  oxide  nim« 
reaotlco  with  the  eevircnment  to  produce 
volatile  products,  and  v^Mrisation  from  an 
internal  layer.  Even  the  oommonest  form 
of  vapor  phase  loss  f-^m  coating  systems 
(evaporatioa  of  the  external  oxide  layer) 
is  undesirable,  since  thinning  of  this  layer 
leads  to  an  increased  oxidation  rate.  It  is 
important  ttierefore,  to  be  able  to  predict 
the  rates  under  actual  service  condlti<ms. 

Estimates  of  vaporisation  rates  Into  a 
perfect  vaouum  can  be  made  throu|^  use 
of  the  Langmuir  equation  (Reference  26) 
if  the  equilibrium  pressures  and  molecular 
weights  of  the  vaporlslag  specie  are  known. 
For  most  refractory  oxidoe  dieee  are  low, 
since  Qieir  vaporpre8suresat2000*Cax'el0'' 
to  10~)  mm  (Reference  26).  The  rates  are 
AT^  lower  If  the  environment  is  not  a 
perfect  vaouum,  since  many  of  Um  vapor¬ 
izing  moleoulos  are  reacted  bads  onto  ^ 
material  surface.  Under  these  olrcum- 
stanoes,  the  actual  rate  is  otmtrolled  by 
speed  ^  diffusltm  of  ttm  vaporising  mole¬ 
cules  ^trough  die  blanketiag  layer  of  the 
environmental  gas  above  die  viqKirlslng  sur¬ 
face.  This  will  depend  in  part  ^pon  the  tem¬ 
perature  and  die  molecular  density,  and  hence 
the  pressure  is  of  great  importance 
In  praodoe.  This  dependenoe  is  well  illus¬ 
trated  by  Qulbransen's  (Reference  27)  recent 
measurements  of  the  vaporisation  of  WO^i 

the  vaporisattcm  rate  into  an  environment 
at  <me-atmo(qphere  pressure  is  two  to  three 
orders  of  magaituds  less  than  diat  pre¬ 
dicted  by  the  Langmuir  equadon  for  the 
ten^perature  range  employed,  XOOO”  to  1200*C. 
The  actual  rates  also  decrease  if  the  m<»Ie- 
oular  weight  of  the  envlronmsntal  species 


is  huoreesed.  C<«verc®ly,  a  higb  envlrcm- 
mental  gak  velocity  reduces  die  dspth  of 
the  blanketing  layers  and  results  in  i*b 
increased  rate  of  vaporlsadoa.  As  w<^l  as 
simple  eviporadon,  nqsorisadon  may  be 
promoted  by  ohemioal  rsacdons  between 
the  ooating  aiul  die  environm^t,  A  pre¬ 
viously  formed  proteodve  oxide  layer  may 
dissociate  when  the  environmental  tonqiira- 
ture  is  raised  or  prei^ure  decreased  or, 
for  example,  the  product  of  the  oridadon 
process  may  be  voladle.  la  both  of  these 
oases,  die  effect  of  increasing  environ^ 
mental  pressure  often  Is  to  suppress  the 
harmful  reaodon  due  to  either  a  diange 
in  the  thermodynamic  stabQldes  of  the  re¬ 
actants  or,  simply,  to  an  increased  en¬ 
vironmental  blanketing  effect.  Thus,,  the 
rate  of  vaporisation  due  to  dissodadon  alone 
can  be  espeoted  to  decrease  steadily  with 
Increasing  environmental  pressure.  Oa  the 
other  iutn^  vaporlsadoa  due  to  a  chemical 
reaction  producing  volatile  compounds  will 
increase  initially  with  increasing  cxygen 
pressure,  since  die  rate  of  reaction  depmds 
on  the  rate  of  oxygen  arrival,  but  ultimately 
the  rate  should  dsortase  widi  inorsasiag 
pressure,  since  oxygen  arrival  will  be  im¬ 
peded  by  a  blanket  of  the  volatile  qiedee. 
Thus,  a  maximum  la  the  rate  of  vapor- 
Isatitm  oaa  occur  at  a  certain  pressure, 
increases  or  decreases  in  which  both  re¬ 
duce  the  rate  of  vaporisation. 

Vaporisation  at  an  internal  iaierfsuse  is 
extrsmely  harmful  to  ooating  stability,  since 
it  may  cause  disruption  the  pretaotive 
external  oxide  layers  or  modify  the  oxide 
growth  mediaaism.  Two  typee  of  vapori¬ 
sation  can  occur  intenially,  simple  evapora¬ 
tion  of  one  oompement  or  d^  vtporisation 
of  die  products  of  die  reaction  between  two 
Isydre.  Examplee  of  dieie  two  pg^iocseee  are 
tbs  evaporation  of  dis  (diromium  substrate, 
which  has  bean  suggested  to  be  ret^poeasible 
for  die  breakdown  of  protective  Gxide  Him 
growdi  oa  that  metal  at  800*  to  900*0  (R^er- 
enoe  28),  and  die  iatoraottcQ  of  silica  and 
die  substrate  to  pxoduce  volatile  silicon 
monoxide  whidi  is  thought  to  cause  die  ix«b- 
bling  of  silica  films  at  hi^  temperatures 
(References  2  and  29). 

In  any  one  coating  i^tem,  more  than  one 
vaporisation  process  .^aa  bs  of  importance. 
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«-  «M  VM««MUO  W^%fHg^  B  rVBQClGSl  oQxwom 

ih®  silica  aod  the  eybetr&te  o«n  ocot!r» 
as  w»  hare  oommanted  alreadif,  but  aio^l® 
ST^Muratieii  td  sllioaadifSooiattoQiatoaiiloou 
moeoeddef  aad  the  fRE^erae^al  formatloai  of 
eiliosa  isoaiaide  are  also  of  hsipor^oe. 
The  relatlTe  iai|tor-buice  of  each  d  tiM»e 
prooceaee  depcad  not  ooly  ce  teiz^peraturd, 
text  also  on  tte  hlaalcetiss  effeota  of  ee- 
▼irosmeetid  pr^Mure.  It  is  dif£louli  to  pro^ 
^ot  aoteal  ratss  whiea  hlaakctiaf  elfesbB 
otn  be  si^dfloffiat,  but  a  quaiilaiiTe  idea 
oaa  be  gained  by  use  of  the  Laagmuir 
eqtuattoe.  Figure  8  prseeeis  ^ese  calculated 
rates  for  silica  ersqiora^oa  sad  dissociaUcsa 
as  a  fbnoti^  of  teacperature.  The  rates  for 
the  eilica-sillcide  reectloo  ere  diMculi  to 
oaloulate  because  the  tbermodyaamlos  of 
^  rMotlon  are  vaeisaami  and  ariU  depMd 
oa  tbe  particalar  silloi«h»  iaTolredo  FturOier- 
more*  die  oaloul&ted  rate,  for  tiuit  rapori- 
sadoe  prooesB  will  deflate  from  ^  actual 
ratee  even  more  dian  usual  because  ma~ 
terlal  loss  can  ooour  oely  adisa  tbe  monoxide 
bae  passed  ibrou|^  die  outer  tIsoous  slUoa 
layer,  and  tbe  rate  of  bubbling  throu^  thla 
layer  wiU  be  die  ccntroUiog  factor  even 
iHiea  die  savirounmit  Is  a  vacuum. 

Coadsf-Substrate  Reaodons 

Except  insofar  as  diey  promote  adher^ 
mwie,  G(^dsg-subetrate  reaodoes  are  sot 
desirable,  since  dwy  may  result  in  tbe  forma¬ 
tion  volatile  or  liquid  phases  at  the  coadag- 
substrate  interface,  or  a  change  is  die  oom- 
posid<m  of  die  o:dds  film  formed  on  the 
external  surface.  Even  if  the  reaod<ms  will 
not  have  these  harmful  efieoto,  they  will 
deplete  die  efi'eodve  ooadag  dilo^ss.  While 
es^rimental  data  and  medianisdc  studies 
ci  low  tsnqierature  solid-solid  reaodons  are 
pl^dfid,  little  quandtadvehigb-temperature 
dato  are  available  foi  rei^cns  between 
tuai^tea  and  possible  ooadng  materials. 
An  exoqiidoa  of  dlreotperdaenoewbiidi  might 
be  msedooed  is  the  recent  woxh  of  Passmore, 
®t  aL<Referenoe  SO),  who  have  been  stodyisg 
die  intor-diffusion  of  tungsten  and  a  number 
of  metals  (Tabio  1).  Nevertheless,  some 
oonoltssione  as  to  die  controlling  fostors  can 
be  drawn,  the  foremoet  of  which  is  diat 
reaodon  as^  dlffosioe  klnedcs  are  fast 
at  a000*C  and  above  diat  aay  thermo¬ 
dynamically  favored  roaodoa  will  occur  to 


an  iq^reoiabie  extent  in  a  reasonably  short 
time. 

Unfortunately,  hif^-toi^erature  thermo- 
dynamio  data  for  many  reacdos^  of  Interest 
are  uidmown  aad  can  be  found  only  by 
basardous  extriqioladons.  to  the  possible 
exietsnee  of  unldintified  ^mp^mde  which 
may  be  produced  during  inlormediato  sta^ 
of  die  reaction  toid  die  somedines  marked 
efiects  of  minor  variations  in  toe  reaction 
environment.  It  is  oft«i  difiicult  to  speolfy 
the  exact  natore  of  reaoti<m8.  The  litera¬ 
ture  oontains  many  reports  of  the  esdetenoe 
of  new,  oomplex  oompoimds,  aad  it  is 
reasonable  to  issume  that  more  will  be 
femsd,  some  o£  wLidi  may  involved  In 
vital  intermediate  reaotiona.  Furthermore, 
some  reaotlcMia,  such  as  that  betwem  alumina 
asH'  ton^tec,  are  renderedposslblebyslii^t, 
aln^t  eligible,  ohangas  In  die  environ¬ 
mental  „tmospherei  the  standard  fr^  energy 
fc).‘*  d.e  reaodoii 


W  +AL0,  - Z  A(  H-WO, 

2  3  3 

is  about  +  lOQ.OOO  cal/gram  mole  at2700®K, 
but  Steinitz  and  Resniok  (Reference  SI)  noted 
a  vigorous  reaedem  in  argon  wdbich  had  been 
passed  over  ice  at  -40*C  and  no  reaction 
in  completely  dry  argon. 

Even  when  the  obemioal  reactiOB  involved 
can  be  written  withpreoiaion,thernx>dynamic 
calculations  can  still  lead  to  erroneous  oon- 
olusioDS  if  it  is  assumed  automadoaily  diat 
the  reactants  are  stoidilometric.  This  fact 
has  been  emphasised  reoenUy  by 
Kubesohewski  (Reference  32)  in  a  review 
in  whi(&  be  pointed  out  as  an  that 

the  standard  free  ^er|^  of  formadon  of 
TiO^  was  lowered  by  140,000  oal/g?am  mole 

by  a  0.6  atomic  peroant  devi&tica  in  the 
oJtygeo  oenteat. 


Our  ability  to  estimate  die  likelihood  of 
reaodons  in  actual  systems  at  hig^  tem¬ 
peratures  is  far  from  being  satisfactory. 
So  many  unknown  factors  may  influenoe 
the  progress  of  a  reaodon  diat  it  Is  most 
difficult  to  predict  its  course.  As  Margrave 
said  recently,  **Wben  die  totally  unesqiected 
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oo«ur«  is  ®  hl^-taiiperaturs  process*  cal= 
culations  are  meftstn^ess  — -  ther©  is  ao 
nubA^tute  for  experimental  studies**  (Risf- 
erence  3S), 


HIGH-TEMPERATURE  POTENTIAL  OF 
PLATINUM-GROUP  METAL  AND  SILICIDE 
COATINGS 

Having  discussed  the  requirements  of  coat¬ 
ings  and  defined  some  of  the  factors  ^oh 
determine  their  usefulness  at  tempera¬ 
tures*  it  is  now  possible  to  attempt  to  pre¬ 
dict  the  hlg^-temperature  cspabilltiea  of 
actual  STStems.  Two  sue&  systems  of  parti¬ 
cular  inters^t  are  platinum-groiQ)  metal 
coatings*  because  of  their  seeming  approach 
to  the  ideal  of  an  inert  barrier,  and  inier- 
metallio  silicides,  because  these  are  by 
far  the  most  successful  t|pe  of  hi^^iem- 
perature  coatings  developed  so  fir. 


Platicum-Grotqs  Metal  C@atis|^ 

The  reported  low-temperature  behavior 
of  these  ooatlnfs  su^^ts  that  their  hl^- 
temperature  uaefulnes©  will  depend  upon 
four  faotorsj  the  minimum  solidus  tempera¬ 
ture  of  the  noble  metal-tunfiten  sys ^m,  the 
rate  of  ooatinf^substrats  reacMon,  the  rate 
of  coating  erosion  la  osygen,  sad  the  rate 
of  permeation  of  th^u^  the  ooatis^ 

Ai^i^  the  tuagstaa-soble  metal  phase 
diagrams  are  not  well  knowo,  the  melting 
points  of  the  ncble  metals  are.  Gn  this  basis, 
platinum  and  arc  of  marginal  In¬ 

terest  only  because  their  melting  tempera¬ 
tures  are  below  2OO0*C.  The  probability  of 
harmful  coating-substrate  reactions  can  be 
estimated  from  data  on  thehiij^-ttmperahire 
reaction  kinetics  of  noble  matal-tunpitim 
couple.  The  available  dabi  (Table  1)  suggest 
that  the  euctasit  of  reaction  decreases  wi^ 
inoreasixig  re&aotcrlness  of  the  noble  metal. 
Therefore,  as  far  as  ooatiag  stabili^  in  non¬ 
oxidising  envir<mments  is  concerned,  it  is 
desirable  to  use  the  mere  refractory  noble 
metals  such  as  iridium. 

It  is  unfortunate  that  the  suso^tibility  of 
platinum-gro^Q>  metals  to  erosion  la  oxidising 
enviremments  inoreae^  with  increasing 


refractorluOT*  over  eertalu  toinpcrature 
ranges.  At  the  temperatores  of  interest, 
all  the  piatinum-grou|)  oxides  are  volatile, 
and  toerefore  the  maximum  possible  rates 
of  erosiem  can  be  calculated  from  the  vai^r 
pressure  data  of  the  oxides  by  use  of  the 
Langmuir  <^ation.  Althou|^  the  data  are 
somewhat  limited,  they  indioato  that  to© 
erosion  rates  of  noble  metals  at  200(f  C  will 
be  substantiai  and  may  be  as  hi|^.  as  several 
grams/cm  /hr  (Figure  4)  (R^er^ce  34) « 

Altoough  normally  of  minor  significanoe, 
the  permeability  of  ncble  metals  to  o^p^ss^ 
cannot  be  ignored,  since  they  are  known  to 
ofSer  very  little  resistance  to  the  passa^ 
of  inert  gases.  Only  one  p^r  (Ref@r«mc^ 
35)  is  known  vdtioh  deals  tvlto  thepermeati^m 
of  o^gen  through  a  noble  metal*  and  e'wm 
this  is  qualitatilTe  in  nature,  stoce  it  re¬ 
ported  toat  no  permeation  through  platinum 
could  be  detected  at  14S5*C  when  a  mass 
spectrometer  was  used.  It  was  estimate 
that  too  rate  .must  have  bees  l^s  than 
2  X  10"**  om*/8eo/©!si*  ar®a/mm  toidk- 
ness/atmospherio  pressure  dilfereime. 
Stodies  of  ©tatinuin-gfo^  metal  coatings 
provide  quaa  itive  coni^malion  that  oxygen 
permeation  is  not  a  stgnifloaat  factor  (Rrf- 
ersECc  36). 

OsL  to©  basis  of  this  informatioc,  altoouf^ 
admittedly  somewhat  ekimpyg  it  ss^ms  un¬ 
likely  that  platinum  metals,  as  such,  can  be 
developed  as  successful  ooatingB  for  tungsten 
at  20oVc  and  above.  The  use  ^  noble  metal 
alloys  still  remaine  a  possibility,  but  tosre 
is  not  su^cient  requisite  data  to  attempt 
an  ovaluatiGB  at  tols  time. 

suicide  Coatinp 

suicide  ooatln^o  probably  t!^  most  suo- 
cessM  deveif^ped  co  far,  are  normally  pro¬ 
duced  by  diffusing  silicon  Into  tlie  refractory 
metal  substrate,  thus  forming  molyb^um 
silicide  lay^m  on  molybdenum,  tuagetoii 
sillcids  layers  on  tusgit^  and  so  ^ 
Sinoe  there  is  no  r®a8<m«  in  principle,  why 
MoSig,  for  example,  could  act  be  used  as 

a  coattof  for  tungsi^  provided  toat  modified 
application  techniques  were  ad^^ted,  sfliiddee 
in  general-  will  be  ocmsldered  and  :3Ct  merely 
these  of  tungsten. 
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All  sllioid®  coating  eu^er  from  one  mnior 
Umltatios,  au  a^malously  rapid  rate  of 
oiddatloa  onmr  well  dsHaed  low-'temperature 
raaaig^.  Beoauae  of  similarity  in  appoarenoe 
of  failed  silioide  coatiags  to  the  low~t«m~ 
perature  tla  tras^formatioji,  ie  often 
called  **p8at,**  the  <^et  of  pest 

oan  aome^mes  be  '  'by  modi^dng 
the  coating  by  the  c  /  ^  other  ma~ 

torials  (Rc^exmoe  2),  ifiot  be  pre^ 
v^ted.  The  hi^-temperature  o^abilities 
of  ailioldee  l^werer,  are  exc^ileat.  An  8~mil 
coatlag  of  WSig,  for  ia8tfmc@a  can  protect 

bmgaten  for  aa  long  aa  30  L^ura  at  1800’C 
(Reference  2).  The  factors  logioallyg 

and  in  practice,  set  the  i^seM  vs^iper  tem¬ 
perature  limit  of  silidde  coatinifa,  are  re- 
fraotorinesa  of  the  coating  compcnenteg  the 
rate  of  ctmveroion  to  oxide,  th^s  necesElty 
that  this  oxide  is  silica,  the  rate  and  loca¬ 
tion  of  vapor  phase  material  loss,  and  the 
rate  of  reactions  within  the  coating  and 
between  the  coating  and  the  substrate. 

The  refractoriness  of  siiicide  coatings 
depends  on  the  melting  points  of  the  initial 
coating  material  uid  all  the  products  of  ^ 
reactions  with  the  substrate  and  environ¬ 
ment.  The  unoxidized  coating  is  generally 
composed  of  thin  layers  of  the  sUloon-leon 
silioide,  a  wide  layer  of  the  most  silloon- 
rloh  IntermotalUo  in  the  binary  system. 
This  silioon-rioh  intermetallio  is  converted 
into  lower  sUioides  and  silica  during  oxida¬ 
tion  (Figure  5)  (Reference  2).  Since  the 
phase  diagrams  of  the  binary  silicon  systems 
are  fairly  well  known,  the  refractoriness 
of  the  silioide  layers  in  the  ooatlng  system 
oan  be  estimated.  The  refractoriness  of  the 
oxide  formed,  however,  is  a  more  complex 
quantity  to  estimate,  eren  if  it  is  assumed 
that  it  is  pure  silica.  The  viscosity  of  liquid 
silica  rather  than  the  melting  point  of  the 
solid  oxide  is  tile  important  parameter  in 
practice  because  siiicide  coating^  often  are 
used  at  temperatures  above  the  melting 
point  of  silica.  Data  on  ti>e  hlgb-teroperature 
viscosity  of  sUioa  are  not  plentiful,  but  what 
there  is  (Reference  37)  indicates  that  sllioa 
is  relatively  fluid  in  the  temperature  range 
2000*  to  2600’C  (Figure  8), 

Unfortimately,  it  cannot  be  assumed  witu 
certainity  that  the  oxide  formed  on  the 


filicide  (Kiatiiig  surfaces  is  pure  silica, 
sinoe  the  oxidation  of  sudi  a  coating  is  a 
special  case  cf  layer  gprowtii  in  a  ternary 
system.  In  practice,  however,  it  Is  not 
unreasmiabl®  to  assume  tiiat  the  oxide  is 
basically  stlloa,  sinoe  the  free  miergy  r  ’ 
formation  of  tluit  oxide  Is  far  greater  than 
that  of  tile  common  oxides  of  the  refractory 
metals,  and  a  glassy  appearance  of  toe 
very  hl^h-temperature  oxidation  products 
of  silioldee  has  been  reported.  These  glassy 
films  are  not  prone  to  breakaway,  possibly 
due  to  their  excellent  ductility,  but  virtually 
no  bi^-temperature  kinetic  growth  data  is 
available,  althcuj^  It  is  known  that  the  films 
do  not  grow  to  great  thioknesses.  These 
observations,  however,  are  in  seeming  dis¬ 
agreement  i^th  the  results  of  permeation 
studies  of  silica  and  silica-baee  glasses  using 
inert  gases,  and  a  rer  study  of  the  per¬ 
meation  of  oxygen  through  vitreous  silica 
(Reference  38),  which  suggest  that  the  glassy 
oxide  films  formed  at  hi^  temperatures 
will  be  poor  diffusion  barriers. 


The  reason  why  the  glassy  films  on  slilcides 
are  found  not  to  be  very  thidc  in  practice 
may  be  that  vapor  phase  loss  of  silica  is 
appreciable.  This  oould  occur  bjr  two  pro¬ 
cesses  t  simple  evaporation,  or  throu|^  de¬ 
composition  into  volatile  silicon  monoxide.The 
thermodynaxnics  of  these  processes  have  been 
studied  fairly  extensively  (References  39  and 
40)  and  therefore  it  is  a  sixx^le  matter  to 
gain  an  idea  of  the  maximum,  Langmuir, 
eviration  rau«s  (Figure  3).  Silicon  mon¬ 
oxide  may  be  formed  also  by  reaction  of 
sllioa  with  the  metallio  silioide,  a  pos¬ 
sibility  to  whi<to  particular  attention  must 
be  paid  sinoe  this  reaction  occurs  at  an 
internal  interface  and  may  lead  to  early 
coating  failure  due  to  tim  disruption  of  the 
outer  protective  layer  of  silica  utoen  bubbles 
of  silicon  monoxide  pass  throu^  it.  The 
thermodynamics  of  silioa-silloide  reactions 
are  unknown,  but  it  is  Intar^ting  to  note 
that  the  standard  free  energy  of  the  reaction 
between  silica  and  pure  silloon  Is  zero, 
and  the  silicon  mcmoxlde  pressure  Is  one 
atmosphere,  at  1926  *  56*C,  a  temperature 
at  vtoloh  bubbling  of  tuni^ten  siiicide  coatings 
has  been  noted  (Reference  2). 
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AltuOu^  the  data  is  far  from  Doing  com¬ 
plete,  it  Is  possible  to  conclude  t^t  the 
upper  temperature  limit  of  sllioide  coatings 
is  probably  about  2C00"C  or  even  below.  The 
basis  for  this  is  the  calculated  rates  of 
slUoa  Ti^risatio&tt  about  2  gram/om^/hr 
at  200C^C  in  vacuum,  reaotioiui  between 
silica  and  the  sllioide  coating  at  1900*  to 
2000*C,  the  meltLij  points  of  the  silioides, 
and  the  decreasing  Tlscosity  of  silica. 


FUTURE  COATING  SYSTEMS 

Neither  the  seemingly  Ideal  platinum-grot^ 
meiMd  nor  the  very  suocescful  sllioide  coat¬ 
ings  are  likely  to  be  of  more  than  limited 
use  at  20Q0*C  and  above.  ItwUlbeneoessary, 
therefore,  to  develop  entirely  new  types  of 
coatings.  On  the  basis  of  the  previous  oon- 
sideratlcas,  it  should  be  possible  to  predict 
the  general  nature  of  these  new  systems  and 
to  indicate  seme  of  the  factors  that  will 
determine  their  hl^tec4}erature  potential. 

The  prime  requirement  of  an:*  coating 
s^tem  is  that  all  the  oomp<meiitSs  including 
the  oxide  layer,  should  be  refractory.  This 
in  itself  limits  severely  the  number  of  avail¬ 
able  materials  from  whi(di  a  selection  can 
be  made.  If  a  minimum  oxide  melting  point 
of  25CC*C  is  adopted  as  a  criterion  of  re¬ 
fractoriness  and  it  ie  assumed  that  simple 
oxides  will  be  formed  by  the  reaction  with 
the  envirmonent,  the  only  available  materials 
are  toose  farming  ThOj,  HfO^,  UO^,  MgO, 

Unfortunately, 

at  least  i«e  of  these  oxides,  MgO,  is  of  doubt¬ 
ful  refractoriness  due  to  its  vaiporisatioo 
at  hi|^  temperatures  (RafsrsBce  41).  The 
refractoriness  of  BeO  and  CaO  at  hi|^  tem¬ 
peratures  may  also  be  something  of  an 
illusion  under  many  conditloas,  due  to  the 
readinees  with  vdddi  tbeyhydrate  (Hefereaoe 
41). 

Most  suoceesful  ooatiag  systems  as  men¬ 
tioned  before  are  essentially  iatermetallio 
cesa|»ounds  of  two  mstals  with  widely  (Moreat 
aotivitios,  the  most  reactive  being  Sparest 
of  the  desired  protective  oxide.  Thus,  teo- 
rldes,  etc.,  are  IcgicaJiy  the  most  promising 


types  of  materials  for  ultra-blf^  tempera¬ 
ture  coatings.  It  cannot  be  issumed,  how^ 
ever,  that  the  cxidatlmi  of  any  thoride  will 
result  in  the  produotlon  of  ThO^a  even  t!j>u^ 

thoria  and  the  other  rdfraotory  oxides  are 
thermodynamically  very  stable.  A  certain 
amoimt  of  experimentation  may  beseoMSsary 
before  it  is  possible  to  aelset  suitable  com¬ 
pounds.  A  better  understanding  of  toe  mecha¬ 
nism  of  ternary  difftision  wo^d,  of  course, 
greatly  ease  the  selection  difficulties. 

Even  if  toe  desired  refractory  oxid^ 
are  produced,  protection  may  not  be  con¬ 
ferred,  since  they  fall  to  grow  fron.  their 
parent  metals  by  diffusion-oontroUed  pro¬ 
cesses  at  quite  low  temperatures  (Figure 
1),  and  it  is  reasonable  to  esqidot  that  this 
will  alao  be  true  of  tosir  growto  from 
intormetallio  aubstrates.  Before  actual 
coating  can  be  developed,  means  must  be 
fotind  of  oiroumventing  pr  delaying  break¬ 
away,  but  la(dc  of  understanding  cf  toe  basic 
meohanisms  involved  makes  ^  prediction 
of  these  means  somettoat  haxardoua.  It  may 
be  algnifioant,  however,  that  a  number  of 
liquid  and  semi -liquid  coatings  have  been 
reported  recently,  their  sucoees  being  de¬ 
rived,  pos;:}ibly,  from  a  decoreased  stress 
at  toe  oxide-substrate  interface  (References 
42  and  43).  It  may  be  neoei^sary,  therefore, 
to  employ  ncA-refractory  materials  in  future, 
if  It  Is  wished  to  form  oxids  fllms  wfaidi 
grow  by  a  refractory  diffosloEMxmtrolled 
meohanlsm. 

Data  on  the  diffusion-oontroUed  growto 
of  oxides  at  2000*C  ami  above  is  lacking^ 
but  extrapolation  of  low-temperature  data 
sug^ts  toat  it  will  be  rapid  (Figure  2). 
It  MU  probably  be  necessary,  iitorefors, 
to  deereass  tto  rate  of  diffusion  toroufl^ 
toe  oxide  films  if  protecticn  is  to  be  ob¬ 
tained  for  long  times.  Due  to  toe  large 
o<acentratiai  of  thermal  vaomoiee  at  hi^ 
temperatures,  this  modifloation  may  have  to 
be  G  change  In  toe  stri’oture  ai  to#  oxide, 
or  perhaps  even  conversion  to  a  complex 
oxide,  ratoer  than  merely  a  dsorem^e  in 
toe  sfruoture-sedasltive  ocroentratian 
produced  by  (toping. 

Data  on  toe  nature  aod  rate  of  hi|^ 
temperature  oxide-eubstrate  and  tungsten 
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coating  reactions  are  sparse,  oven 
for  the  ooatinips  composed  of  pure  metals 
l  ather  than  intermetalllos  (Table  1).  In  fact, 
any  discussion  as  to  the  most  suitable  ma¬ 
terials  based  on  these  factors  would  be 
speculative.  Two  other  factors,  however, 
must  be  con-  -  d  even  before  attempting 
to  produce  <  mating  \(diioh  will  form  the 
oxid^  mentioned  previously:  toidoity  and 
radioactivity.  Thf^  and  UOg  are  both  radio¬ 
active  and,  to  an  eident,  toxic;  BeC  is  mark¬ 
edly  toxic. 

On  the  basis  of  the  types  of  Information 
briefly  Indicated  so  far,  the  most  prefer¬ 
able  type  of  new  coat  .g  system  would  be 
one  whloh  oxidized  to  form  a  protective 
film  of  HfOg  or  ZrQ^,  These  systems  are 

the  most  promising  because  of  the  re¬ 
fractoriness  of  the  oxides,  their  relative 
lack  cf  proneness  tu  breakaway,  the  low 
rates  of  vaporization  of  the  oiddsist,  their 
resistance  to  hydration,  and  their  lack  of 
(oxicity  and  radioaotl^ty.  Before  these 
systems  can  be  defined  in  terms  of  metal 
composition,  certain  minimum  requirements 
must  be  met.  It  must  be  shown  either  by 
e3g;>erimentation  or  by  theoretical  calculation 
that  the  meteJ  coating  will  react  to  form 
the  desired  oxide,  tJid  the  incidence  of 
breakaway  must  be  delayed  or  '^rcumvented, 
The;se  requirementoi  caimot  ae  achieved  easily 
at  present,  end  future  development  programs 
will  be  considerably  hampered  unless  a 
better  understandln'];  of  diffusion  processes, 
iatemary  83nitems,  and  breakaway  can  be 
gained.  The  other  processes,  vaporization, 
coating-substrate  reactions,  etc.,  are  of 
importance  only  If  the  desired  oxide  can 
b  9  grown  by  8  diffusicn-conixolled  proems. 

seem  ;  therefore,  that  woikers  involved 
la  coating  development  programg  will  hr.7® 
to  pay  particular  attention  to  the  progress 
of  basic  research  on  these  two  prooeases 
^f  avoidable  delays  are  not  to  be  encountered. 


REFERENCES 

1.  R'^rt  of  the  Subp«tnel  on  Coating  (Draft). 
Hefraotory  Metals  Sheet  Rolling  Panel  of 
the  Materlaia  Advisory  Board,  Februv»ry 
1962. 


2.  Nicholas,  M.  and  Dickinson,  C.D.,“Higdi“ 
Temperature  Protective  Coatings  for 
Refractory  Metals,”  Part  n.  Sixth  meet¬ 
ing  of  the  Refractory  Composites  Work 
Groiq),  Dayton,  Ohio,  1862. 

3.  Kubasohewski,  O.,  and  Hopkins,  B.  E., 
Jnl.  of  Less  Common  Metals.  2,  172, 
1960. 

4.  Air  Force  Contract  AF  33(616)-8176 

6.  J.  Loriers,  Compt.  Readua234, 91, 1962. 

6.  Leibovlti:,  L.,  Schriziein,  J.  G.,  Single, 
J,  D.,  and  Vogel.  R.  C.,  Jnl.  Eleotroohom. 
SOC..108.  1165,1961. 

7.  Cubiociotti,  D„  Jnl.  Amer.  Chem.  Soo.. 
74,1079,  1962. 


8.  Levesque,  P.,  and  Cubiociotti,  D^  Jnl. 
Amer.  Chem.  SoOt.73,  2028,  1961. 

9.  Probst,  H.  P,,  Ph,  D,  Thesis,  Case 
Institute  of  Tec^ology,  1969. 

10.  Kendall,  L.  F.,  Wheeler,  R.  3.,  and 
Bush,  S,  H„  Nuol,  Sol,  Eng..  8, 171, 1968. 

11.  Hayes,  E.  T.,  and  Robeson,  A.  H.« 
Trans.  Electroohem.  So9..96.  142,  1949. 

12.  Phalnikar,  C.  A.,  and  Baldwin,  W.  M., 
Proc.  ASTM.51.  1038,  1951. 

15.  Belle,  J.,  and  Mallott,  M.  W.,  Jnl. 
Eloctrochem,  Soc.,  iQl.  339,  1964, 

14,  C'Jj'oclottl,  D„  Jnl.  Amer.  Chem.  Soc.. 
72,  411  ,  1960. 

16,  Gulbran^.en,  E,  A^  and  Andrew,  K.  F„ 
Irans.  AIME.209,  394,  1967, 

16,  Gadd,  J,  D.,  and  Evans,  E.  B.,  Cor¬ 
rosion.  17,  109,  i  961. 

17,  Sixmad,  M.  f.,  fad  Sme’tcer,  W,  W„ 
Aota  Met. 6.  828,  1967. 

18,  Gerds,  A.  F„  a.cd  Mallett,  M,  W., 
Jnl.  Eleotrodbem,  Soo,.  101,  171,  1964, 


182 


ML-TR-64-162 


19,  Porta,  H,  A,,  Vogel,  R.  C„  Fischer, 
D.A.,  a&d  Schnlcleln,  L,Q.,  JnL  Electro- 
ohem,  SoCfc  107,  506,  1960. 

20,  Gulbransen,  E.  A„  and  Andrews,  K.  F„ 
Jnl,  Electroohem,  Soo..97,  pg.  388, 1961. 

21,  Wa^er,  C„  Jnl,  Electroohem,  Soo,.99. 
369,  1852. 


31,  Stelnits,  R„  and  Remick,  R.« 

Tenqierature  ReacUcms  Betwe^  Tusg- 
sten  and  Several  Refractory  Com¬ 
pounds,**  Fifth  Meeting  of  Refractory 
Composites  Work  Qro^,  Dallas,  Texas, 
1961. 

82.  Kubasdiewsld,  0„  Trans,  Brit,  Cera¬ 
mic  SOO..60,  67,  1961, 


22.  Klrkaldy,  J,  S.,  Can,  Jnl,  Phya.,  36, 
907,  1958. 


88.  Margrave,  J.  L.,  Symposium  on 

Temperatures  —  A  Tool  for  toe  Future," 
Stanford  Research  Instltoto,  1956. 


28,  Guy,  A<  G.,  and  Smithy  C.  B.,  Trans. 
Quiurterly,  ASM.S5,  7,  1962, 

24.  Clark,  J.  aisd  Rhlnes,  F.  N.,  Trans. 
ASM.61,  199,  1969. 

26.  Langmuir,  I«-  Phya.  Rev..  2,  829, 1913. 

26,  Brewer,  Cham,  Rev,.  61,  1,  1968, 

27,  Bladtourn,  P,  £.,  Andrew,  K.  F., 
GuibroaseD,  E,  A.,  Briasart,  F.  A«, 
WADC  TR  69-576,  Pari  n. 


34.  Calculated  from  toe  data  of  C.  B.  Aloo^ 
and  G,  W,,  Wo«^r,  Proc,  Royal  Soo.. 
^  2§i,  661,  1960. 

35.  Norton,  F.  J.,  J,  Appl  Phys.  29^.122.1968. 

36.  Withers,  J,  C.  ,  "Protective  Coatings 
for  Refractory  Metals,**  Fifto 

of  toe  Refractory  Cou^ositos  Work 
Qroi^,  Dallas,  Texas,  1961, 

37.  idoKonsie,  J.  D.,  |9l,Ji£ag|l.Car|ugB|to 
S^,.Deoeml^,  1961. 

38.  Norton,  F,  Nature,  to  published. 


28.  Gulbransen,  S.  A.,  and  Andrew,  K,  F., 
JaL  Electroeliam.  Soo,.  104,  834^  1957. 

29.  R.  Perkins,  "£valttft.tioRofSilicideCoab> 
Ing,**  Eleotroohem.  Soo.  Conferanoe, 
May  1962. 


Shlc^  H.  L. 


891,  1960. 


40.  Ramsted,  E,  F.,  and  Riftoardeoaii,  F. 
TriWS.  ZiTigE.iSl,  1021,  1961, 


41.  Runok,  E.  Joa  Tewnera^sre 

noloiy,**  (John  ^ey  ft  Sons,  New  York, 
1966. 


SO.  Paosmoi'e,  E,  Boyd,  J.  E.,  Neal, 
L.  P.,  And^woi,  C,  A.,  and  Lement, 
B.  S.,  WADD  TR  60-848,  and  Progress 
RtpoH  No.  6,  April  1931,  AF  33(616}- 
6364. 


42,  Lswthers,  D.  D.,  and  Sams,  L.,  ASD 
TR  61-238.. 

48.  Oxss,  G.  and  CofOa,  L,  Ee^  TramB. 
AIMS.m  641, 1960. 


123 


ML-TR»«4-168 


TABLE  1  (Reference  30) 

SUMMARY  OF  INTERDIFFUSION  MEASUREMENTS  ON  COMBINATIONS 

ANNEALED  AT  170(f  C 


— - - - 

Combination 

Intermediate  Phase  Width 
(in  Microns)  After 

1  Hr  4  Hrs 

Total  Diffusion 

1  Hr 

Zone  Width 
(in  Microns) 

After  4  Hrs 

W»Re 

2 

6 

60 

60 

W-Os 

2 

6 

30 

50 

W-Ir 

8 

12 

50 

60 

W-Rh 

14-20 

— 

60-90 

— 

W-Pt 

8 

— 

110-200 

W-Hf 

6 

— 

25 

— 

W-V 

— 

— 

60 

— 

V/-7.T 

15 

120 

— 

W-Cb 

0 

0 

15-40 

50 

W-Cr 

0 

0 

159 

7320 

134 


METAL  CONSUMPTION  IN  GRAM  ATOMS /cm 
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A  -  Uronium  onidfzcd  In  O2  -  R*f.  -  5-7 
□  “  Thorium  oxidized  in  02-Ref.  8,  18 
O  -  Boryllium  oxidized  in  02-Ref.  20 
X  -  Zirconium  oxidized  in  0  and  air- Rtf  9*-i5,  19 


\  +  -  Hofnium  oxidized  in  O2  and  air —Rof.  16-17 
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Figure  2,  Tlie  Consumption  of  Several  Metals,  During  the  First  Hour  of  Diffusion 
Controlled  Oxide  Growth,  as  a  Function  of  Temperature 
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TEMPERATURE  IN  *0 


Figure  3.  The  Rate  of  Vapor  Phase  Loss  of  Si02  i&to  a  Perfect  Vacuum  Due  to  The 
Reactions 

(1)  Si02/-*Si02g 

(2)  8i02^-^Si0  g-l-1/2  02g 


j»L-rK-64-162 


Note:  Solid  lines  show  the  range  of  temperatures  over  which 
experimental  data  is  available,  dotted  lines  are  extra^ 
polations.  Calculated  from  the  data  in  Reference  34. 


Figure  4.  Tfee  Maximum  Theoretical  Errosion  Rates  la  Air  of  Platinum,  Rhc-1ium,  and 
Iridium 


ML-TR-64-162 


Structure  of  W  Sio  Coating  on  Tungsten  After  13  hours 
at  1650*0.  <250X) 
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W5Si3 
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Figure  5.  The  Appearance  of  Oxidized  W  Si2  Coatings 
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10  r-  Note:  Calculated  from  the  data  quoted  by  Schick  (Reference  39) 
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Figure  6.  Rate  of  Vapor  l%a£>e  Loos  of  Silica  Due  to  Simple  Evaporation  and 
Decomposition 
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Itatlopa  on  further  diatamlnalion  of  tha  report,  othor  tj^en  thoao 


INCTRUCTtONg 


laipoaad  by  aeourity  claasiftcatlon,  uiing  atandard  statamants 
auch  at: 

(1>  "Qualified  raquaalara  may  obtain  coplea  af  thia 
report  from  DDC." 

(2)  "Foreign  announcement  and  dlasaminatlea  of  thla 
rapott  by  DDC  is  not  authorizod,  ” 

(3)  "U.  S  Govommont  agoncioa  may  obtain  copies  of 
thlr  ropert  dlrocUy  bom  DDC.  Other  qualiCcd  Crx 
uaore  shall  raquaal  through 

_ _  I  * 

(4)  "U.  S  military  agoneies  may  obtain  copies  of  this 
report  diroetty  Item  DDC.  Other  qualified  mere 
shall  raquaat  through 


($)  "All  dlairlbutlon  of  thla  report  la  controllad  Qual¬ 
ified  DDC  users  shall  raqustt  through 

_ _  ^  fi 

If  iha  rspoit  hat  bean  fumlsbad  to  the  OfQcs  oi  Tochnic.U 
Services,  Dspartmant  of  CoauBarca,  for  aala  to  tha  public,  Indl- 
faf!  thia  fact  and  anta?  the  price,  U  knowiv 

IL  ^yPPLE^EPTARV  NOTES  Uaa  for  additional  asplaBm 
lory  notem  ~ 

12,  SPOMtoRINQ  RlLITARy  AC^hviTY:  Enter  tha  name  of 
thr  dapaytmantal  project  office  or  iaboraiiaty  apontorlng  fpa^ 
ini  '«(>  <>>•  reaaerch  and  davplopmaot  Include  odthaat. 

13-  ABSTRACT:  Enter  an  abatract  gtyjng  g  brtaf  :nd  fectqpl 
aummary  of  tha  document  indicalivo  of  the  report,  even  though 
It  mey  alao  appear  alaawhsra  in  tha  body  of  tha  technical  re¬ 
port.  If  additional  apace  is  required,  a  continuation  ahaat  shaii 
ba  stitched. 

It  la  highly  datirable  that  the  abatract  of  cUaalfiad  roportt 
ba  unclaaaifled.  Each  paragraph  ol  tho  abatract  aball  and  with 
an  indication  of  tha  military  aacurity  clsaaificulloa  of  tha  In- 
fomalion  in  the  paragraph,  repfouented  as  fTSj.  fS;,  fcj.  or  (U) 

Thera  it  no  limitation  op  «ha  Isqgtn  vf  the  abatract.  How¬ 
ever,  the  aqggestad  length  la  from  ISO  t-.  225  woida. 

14.  KEY  RORRS:  Kay  worda  at*  tepbntcaliy  jpaaningful  taima 
or  abort  pbiaaea  that  cheractariaa  a  report  pnd  ijiay  bo  usad  as 
icdos  onjriua  for  cotaioglng  tho  report.  Kay  worda  must  ha 
salectad  sc  that  no  sacurttr  claaajncaUon  is  rtquirad.  IdaaU- 
flan,  such  ss  aqulpmant  model  dpsiasUon,  trade  pamo,  aUUUTy 
*?*,?**■.  Iqpptlon,  guy  ba  used  aa  key 

words  but  will  ba  followad  by  ar>  indication  of  tachnicol  Jon- 
tost  Tba  saelgnmant  of  links,  r.  las.  and  weights  la  optlpapt. 


UNCLlSSirijBD 


Security  ClecsiQcetioa 


